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ABSTIWX

The general purpose of the two-year project is to quantify what
proportion of the energy requirements of the Western Arctic bowhead whale
stock is provided by food resources located in the Eastern Alaskan Beaufort
Sea (Alaska/Canada border to 144°W). Specific objectives are to

1. Determine the concentration and distribution of the planktonic food
of bowhead whales in the Eastern Alaskan Beaufort Sea and correlate
with known oceanographic features.

2. Estimate the number of bowhead whales utilizing the Eastern Alaskan
Beaufort Sea as a feeding area during the summer and fall; observe
and document their feeding activities, behavior and residence times.

3. Estimate the degree of utilization of available food resources in
the Eastern Alaskan Beaufort Sea by the Western Arctic bowhead whale
stock.

This report describes the results of fieldwork done in September and early
October 1985, the first of the two planned field seasons.

Water masses in the study area were studied by boat-based sampling and
by airborne and satellite remote sensing. After a period of prolonged
easterly winds, major water masses included (1) a narrow nearshore band of
relatively warm water, (2) an area of cold, high-salinity water over the
inner shelf, with strong evidence of upwelling, and (3) an area of warmer,
fresher, more turbid water (of Mackenzie Bay origin) near and beyond the
shelf break. Fronts and eddies were detected in the study area. After a
period of strong west winds, much ice had blown into the study area and the
‘Mackenzie plume’ was no longer present.

Zooplankton composition, biomass, distribution, patchiness, and energy
content were documented by boat-based sampling along three SSW-NNE
transects. Most net sampling was done with oblique bongo tows and by
horizontal t Ows in plankton layers identified by echosounding. Also ,
quantitative echosounding techniques, calibrated by the bongo sampling, were
used. Maximum zooplankton  biomass generally occurred in one or more 5-10 m
layers in the 8-40 m depth zone. Biomass was usually very low in near-surface
waters, and it decreased with increasing distance from shore. Copepods
dominated the biomass. During the late summer of 1985, dense concentrations
of zooplankton seemed to be less common in this study area than off the Yukon
coast; many bowhead whales fed in the latter area.

The distribution, numbers and activities of bowhead whales were
determined by aerial surveys and behavioral observations from the aircraft.
Photogrammetric methods were used to document whale sizes and the recurrence
of identifiable individuals in feeding areas. Unusually few bowheads fed in
the study area in late summer and autumn of 1985. The one major feeding area
in the official study area was 30-40 km north and northeast of Kaktovik;
relatively low numbers of bowheads fed there, mainly well below the surface>
for at most a few days in late September. In contrast to the low abundance
and apparently short residence times of bowheads within the study area,
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Abstract iv

numerous bowheads fed along the Yukon shore about 30 km east of the official
study area in late August and September; some recognizable individuals were
there for at least 16 days.

The Kestern Arctic population of bowheads acquired a very low
percentage of its annual food and energy needs within the study area in
1985. In many parts of the study area, zooplankton  biomass appeared to be too
low for efficient feeding. Bowheads probably consumed several times less food
in the study area in 1985 than during most years. It is not yet known whether
zooplankton availability is higher in years when the study area is more
heavily utilized by feeding bowheads.



EXECUTIVE SUMMARY

Most members of the Western Arctic population of bowhead whales migrate
through the Alaskan Beaufort Sea during September and October while en route
from the main summer feeding grounds in the Canadian Beaufort Sea to the
wintering grounds in the Bering Sea. However, some feeding has been observed
within the Alaskan Beaufort Sea during late summer and early autumn. It has
been hypothesized that this late summer feeding may be especially important
to bowheads because they may not feed again for several months after leaving
the Beaufort Sea, and because the energy content of arctic zooplankton is
highest in late summer.

To evaluate the possible effects of offshore oil exploration in the
Eastern Alaskan Beaufort Sea on bowhead whales, regulatory agencies
considered it necessary to evaluate the importance of the area to feeding
bowheads. A contract for a two-year field study of this question was awarded
in 1985 by the U.S. Minerals Management Service to LGL Ecological Research
Associates. The general purpose of the project is to quantify what proportion
of the energy requirements of the Western Arctic bowhead whale stock is
provided by food resources located in the Eastern Alaskan Beaufort Sea
(Alaska/Canada border to 144°W). Specific objectives are to

1. Determine the concentration and distribution of the planktonic  food
of bowhead whales in the Eastern Alaskan Beaufort Sea and correlate
with known oceanographic features.

2* Estimate the number of bowhead whales utilizing the Eastern Alaskan
Beaufort Sea as a feeding area during the summer and fall; observe
and document their feeding activities, behavior and residence times.

3. Estimate the degree of utilization of available food resources in
the Eastern Alaskan Beaufort Sea by the Western Arctic bowhead whale
stock.

The report summarized here describes the results of fieldwork done in
September and early October 1985, the first of two planned field seasons. A
review of relevant published and unpublished information was done before the
first field season; results from that review are also taken into account
here. The present report is an interim analysis of the significance of the
study area to bowhead whales. Before definitive conclusions can be drawn, we
need additional data about year-to-year variability and about zooplankton  at
locations where bowheads feed.

Water Mss Distributions

Zooplankton  availability was expected to be strongly related to physical
oceanographic factors. Consequently, it was necessary to determine the
characteristics of the water masses within the study area at the times when
zooplankton and feeding whales were studied. Water masses in the study area
were studied by boat-based sampling and by airborne and satellite remote
sensing.

During the first half of September 1985, comparatively warm, fresh,
turbid water of Mackenzie Bay origin was present over the offshore portion of
the study area, from approximately the edge of the continental shelf to
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Executive Summary vi

abyssal depths. The continental shelf and continental slope portions of the
study area (water depths 0-200 and 200-2000 m, respectively) were virtually
ice-free in early September. The influence of Mackenzie Bay water at that
time was stronger than had been observed in previous years, at least partly
because of the extended period of easterly winds during most of August and
early September 1985. The heavy ice conditions in the easternmost part of the
Canadian Beaufort Sea in 1985 were probably another contributing factor; they
may have concentrated the warm, fresh water within Hackenzie  Bay by reducing
the eastward advection and dispersal of Mackenzie Bay waters.

Three water masses were recognized over the continental shelf :
nearshore, inner shelf, and outer shelf. These water masses were recognized
from airborne and satellite remote sensing data, and their properties were
confirmed by boat-based sampling. The nearshore water mass consisted of
comparatively warm water (>0.5”C), likely of local origin. It formed a
narrow, discontinuous band within about 3-4 km from the shore. This nearshore
band was interrupted by pockets of cold water extending to the coastline. The
inner shelf water mass was colder (-1.5 to 0.5”C) and more saline; it
represented a mixture of cold, saline Arctic Water with warmer, fresher
surface water originating either locally or from the offshore Mackenzie Bay
water. The outer shelf water mass generally consisted of water with
intermediate surface temperatures (0.5 to 1.5°C); it represented a mixture of
the cold, saline water characteristic of the inner shelf region with the
warmer, fresher water of Mackenzie Bay origin found offshore.

The distribution of water masses and ice changed markedly in mid-late
September as a result of strong northwesterly winds in the 15-22 September
period. By22 September, much of the study area was covered by >90% ice. The
water of Mackenzie Bay origin was no longer evident as an identifiable
feature in the Eastern Alaskan Beaufort Sea. High levels of vertical mixing
had resulted in cooler, more saline, and more homogeneous surface water
properties.

Vertical profiles of temperature and salinity, as measured from the
boat, provided strong evidence of coastal upwelling in the 5-10 September
period. The upward tilting of temperature and salinity contours indicated
that cold, saline Arctic Water found at depth near the shelf edge was being
transported shoreward onto the inner continental shelf. Chlorophyll a and
nitrate contours provided corroborating evidence. The upwelling contri–buted
to the cold, high-salinity surface waters evident in the inner shelf zone.

Three large-scale frontal features were identified over the continental
shelf in early September. The innermost front
coast,

, within a few kilometers of the
was along the north edge of the narrow nearshore band of warmer, more

turbid water. The middle and outer fronts separated surface waters whose
temperatures were low ( <0.5°C), intermediate (0.5-2.O”C),  and higher
(>2.O”C).  The locations and intensities”of the middle and outer fronts varied
with time. Relative magnitudes of temperature and salinity gradients differed
considerably among the various frontal features. Those fronts with small
temperature gradients but large salinity gradients might not be resolvable by
remote sensing techniques.

Airborne and satellite remote sensing suggested that meanders and
eddies, likely of offshore origin, were present within the cold, saline
surface waters over the inner shelf. Typical diameters, as resolved in
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satellite imagery, ranged up to 10-15 km. Intense frontal features over
spatial scales as small as a few hundred meters were detected by high
resolution sampling from the aircraft and boat. These small-scale fronts may
have been associated with the eddies and meanders.

Zooplankton and Hydroacoustics

Zooplankton composition, biomass, distribution, patchiness, and energy
content were documented by boat-based sampling along three SSW-NNE
transects. Two transects extended offshore to the 250-270 m depth contours;
the third extended to the 40 m contour. At 12 stations along these transects,
zooplankton was sampled by oblique bongo tows and by horizontal tows guided
to plankton layers by echosounder. At some stations and depths, paired bongo
tows and Tucker trawls were performed to determine the effectiveness of bongo
tows in capturing large, fast-moving zooplankters. In addition, quantitative
echosounding techniques were used to determine the vertical distribution of
zooplankton along the full length of all three transects. The raw echosounder
results were converted to estimates of actual zooplankton biomass based on
the relationship between echosounding and net sampling at locations where
both were done.

The intention was to c~nduct broad-scale sampling of the above types
early in the 1985 field season, and to conduct fine-scale sampling near
feeding bowheads when and if the boat could reach feeding areas. In fact,
bowheads did not feed in the study area during early September 1985, when the
broad scale sampling was done. Much ice moved into the study area in mid
September. The ice forced the curtailment of boat-based work before
concentrations of feeding whales appeared within the study area.

The composition of the zooplankton in the Eastern Alaskan Beaufort Sea
was generally similar to that elsewhere over the Beaufort Sea shelf and in
other arctic regions. However, the relative abundances of some species and
groups vary between locations and years. Copepods dominated the zooplankton
on a biomass basis (78% of wet weight) as well as a numerical basis (87% of
individuals ). Copepods that were >1.8 mm in length, and presumably large
enough to be retained by bowhead baleen, accounted for 69% of the total
zooplankton biomass. Euphausiids and mysids were found primarily near the
bottom in shallow nearshore waters. Whether they also occurred in similar
abundance near the bottom farther offshore is not certainp “but we did not
find them in significant numbers above the bottom. Other significant
components of the zooplankton included a few species of hydrozoans,
ctenophores, and chaetognaths.

Aver age zooplankton biomass was highest in the nearshore and inner
continental shelf water masses (south of the 50 m contour), and lower over
the outer continental shelf (north of the 50 m contour). Biomass in deep
waters north of the 270 m contour was not measured in this study. However,
our data from the inner and outer shelf areas indicated that biomass was much
higher there than previously reported for the top 200 m of the Arctic Ocean
north of the Beaufort Sea (~. Hopkins 1969).

There have been no previous studies of zooplankton biomass in the
Alaskan Beaufort Sea. However, the average zooplankton biomass found within
our study area in September 1985 (260 mg/m3 in oblique tows) was at the lower
end of the range reported for the outer Mackenzie Delta, Canadian Beaufort
Sea, during 1980-81 (cf. Griffiths and Buchanan 1982). It was also lower than
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the biomasses that Griffiths and Buchanan (1982) found near feeding
bowheads. Our average biomass was similar to that found off the Yukon coast
in August 1985 by M. Bradstreet (LGL Ltd., in prep.). However, Bradstreet
found much higher biomasses of zooplankton,  mainly small copepods, in an area
where bowheads were feeding off the Yukon coast.

Except in nearshore areas, zooplankton biomass in near-surface waters
above the pycnocline  (i.e. top 5-10 m) was very low. Biomass near the surface
was especially low over the outer shelf, where the surface waters were most
strongly influenced by the relatively warm and low-salinity Mackenzie plume.
We rarely measured zooplankton biomass in the top meter of the water column.
Bradstreet found high biomasses in the top meter at some locations off the
Yukon coast where cold Arctic Water was present at the surface.

The highest biomasses were generally just below the pycnocline.  The
majority of zooplankters were between the pycnocline  and a depth of 40 m, and
thus would be easily accessible to feeding whales.

The echosounding surveys showed that zooplankton distribution was
patchy; estimated biomass exceeded 1500 mg/m3 in some areas. Patches were
typically very extensive in the horizontal plane (100s to 1000s of meters
long) but generally only 5-10 m thick. Off Kaktovik, patches were more
abundant in the ne.arshore and inner shelf water masses than in outer shelf
waters. Average biomass within patches was also higher in nearshore and inner
shelf areas than farther offshore. There was some evidence of elevated
zooplankton biomass near oceanographic fronts identified along the transects,
but only in very narrow zones.

Most zooplankton sampling during September 1985 was conducted in
hydrographic conditions set up by prevailing easterly winds. Limited sampling
after a period of strong westerly winds indicated that the vertical and
horizontal distribution of zooplankton may have been quite different then.
Additional data are needed before it will be possible to evaluate zooplankton
distribution after periods of westerly winds.

The average caloric content per gram of zooplankton was 6583 cal/g dry
weight and 1003 cal/g wet weight. Caloric content per unit wet weight was
highest in samples with the highest biomass, which typically were from
nearshore and inner shelf areas. Copepods had a higher energy content per
unit wet and dry weight than did other major groups, and large copepods had
higher caloric content per unit weight than did small copepods. Copepods
contributed 90% of the total caloric content of the zooplankton.

Dry weight of zooplankton in all of our samples averaged 16% of wet
weight. This is typical of results from most other studies, but lower than
the value used implicitly in some previous analyses of the energy needs of
bowhead whales.

Bowhead Distribution, Numbers and Activities

The distribution, numbers and activities of bowhead whales were
determined by aerial surveys and by behavioral observations from the
aircraft. Photogrammetric methods were used to document the sizes and
recurrence of identifiable individuals in feeding areas. Aerial work during
this study extended from 5 September to 3 October, but supplementary data
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were obtained from other studies before and after our field period. We were
prepared to radio-tag and track bowhead whales during the 1985 field season,
with the primary purpose of determining their residence times at feeding
areas in the study area. However, radio-tagging was not possible in 1985;
concentrations of feeding whales were not present within the study area until
after the time when ice forced curtailment of boat-based work. One of the
purposes of the photogrammetric program was as a back-up to radio-telemetry;
the photogrammetric program did provide data on residence times.

Unusually few bowheads fed in the study area in late summer and autumn
of 1985. A few bowheads were seen in the southeast part of the study area by
other investigators during early-mid August 1985, but none were seen there in
late August or early September. The 1985 migration through the study area
began around 11 September, and apparently peaked in late September after much
ice was blown into the study area. Some bowheads continued to travel westward
through the study area, in heavy ice conditions, during early to mid October.

Raw density estimates from aerial surveys of the continental shelf and
slope zones were only about 0.06 and 0.04 bowheads/100 km2, respectively,
during mid-late September 1985. These figures are very approximate because of
the low number of sightings. However, raw densities were clearly lower than
in most other recent years.

Behavioral data indicated that only about 10% of the bowheads present
‘on-transect’ were seen during aerial surveys, mainly because whales were
submerged and invisible about 90% of the time, The available data from
1981-84 suggest that detectability of bowheads in and near our study area was
similarly low in those earlier years. Detectability was probably even lower
for whales in areas of heavy ice cover. Even after allowance for the many
whales present but undetectable during aerial surveys, estimated numbers in
the study area were very low at all times during late summer and early autumn
of 1985. Considerably higher numbers were present at this time in some
previous years.

Mother-calf pairs sighted within the study area during 1985 were widely
distributed geographically and temporally, as in previous years. However,
photogrammetric  measurements of whale sizes showed that most whales feeding
close to shore just east of the Alaska/Yukon border were subadults 7.5-13 m
long. In contrast, adults >13 m long, some with calves, comprised a larger
proportion of the bowheads in offshore waters in and near the official study
area.

In contrast to the low numbers of bowheads within the official study
area, many feeding bowheads lingered along the Yukon coast near Komakuk,
about 30 km east of the official study areas during late August and much of
September 1985. They were mainly subadults~  as noted above. Several
individually recognizable whales photographed near Komakuk were
re-photographed on later days$ including one whale photographed 3 times over
a 16-day span.

Late September was the only time in 1985 when a concentration of feeding
bowheads was found within the study area. They fed some 30-40 km north and
northeast of Kaktovik. These whales had apparently departed by early
October. A high proportion of these whales were adults >13 m long, and some
were mothers accompanied by their calves. Most bowheads feeding within the
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official study area fed below the surface, consistent with the low abundance
of zooplankton in surface waters. In contrast, bowheads often fed at the
surface along the Yukon coast.

Many of the bowheads observed within and just east of the official study
area during September 1985 were exposed to faint or moderate-intensity noise
pulses from distant seismic vessels. The activities of the whales seemed to
be normal despite this noise exposure. This was to be expected, given the
rather low received levels of the seismic pulses (<123 dB re l#Pa) and what
we know about the reactions of bowheads to ~oise pulses of various
intensities.

The behavior of bowheads feeding within and near the study area was
similar to that documented during previous studies in summer and early
autumn. When bowheads engaged in presumed water column feeding, net
horizontal distances traveled during single dives ranged from about O to 700
m. During some observation sessions when bowheads were feeding, the headings
of the whales when they surfaced to breathe were predominantly westward. This
suggests that bowheads sometimes were migrating gradually westward as they
were feeding.

Observed feeding locations in and near the Eastern Alaskan Beaufort Sea
have differed between years. bowheads fed north of Kaktovik and along the
Yukon coast near Komakuk in both 1984 and 1985. However, in other years
feeding was not noticed at these sites, but it was seen at some other
locations where no feeding whales were found during 1985. Although specific
feeding locations vary among years, most feeding within the study area
apparently takes place over the continental shelf, often over the inner
shelf. This is consistent with the trend for decreasing zooplankton biomass
with increasing distance from shore during September

Energetic of Bowheads

There have been several attempts to calculate
requirements and feeding rates of bowhead whales.
attempts and have prepared updated estimates based
bowhead physiology, population composition, and
requirements of bowhead whales are somewhat

1985.

the theoretica~ energy
We have reviewed these
on current knowledge of
other factors. Energy
uncertain because of

uncertainties about bowhead physiology and population composition. However,
the apparent energy needs of bowheads are generally consistent with what is
known about about other large whales. Also , most of the different methods for
calculating energy needs give similar results. Food requirements and food
availability can be estimated with sufficient accuracy to warrant comparison.

One uncertainty affecting the energetic analysis has been the unknown
amount of feeding in winter and during migration around western Alaska.
Isotopic analysis techniques show promise as a way to determine the relative
amount of feeding during summer and early autumn vs. winter. Zooplankton in
the Beaufort and Bering Seas differ in their isotopic composition. If
bowheads feed in winter, these isotopic differences are expected to be
reflected in the tissue of bowhead whales taken in spring and autumn. Results
to date are consistent with the hypothesis that there is little feeding in
winter. However, additional samples of whale tissue from animals harvested in
autumn and spring are needed.
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The caloric content of zooplankton in the Eastern Alaskan Beaufort Sea,
on a wet weight basis, is substantially lower than was assumed in some
previous analyses of bowhead energetic. Consequently, the required annual
food intake is higher than previously estimated. The annual food requirement
of the Western Arctic population of bowheads is tentatively estimated to be
about 400,000 MT, with broad confidence limits.

Based on the present energetic model, an average bowhead would have to
feed at locations where average zooplankton biomass is at least 1.7 g/m3 if
it must meet its annual food requirement in 130 d of feeding. Based on our
hydroacoustic results from September 1985, whales would have to feed at
locations where minimum zooplankton biomass is at least 1.0 g/m3 in order to
obtain an averag-t least 1.7 g/m3. Within the continental shelf portion
of our study area (depth <200 m), about 22% of the area contained a biomass
of >1.0 g/m3 in one or more 2-m depth strata. About 64,oOO MT of zooplankton
was-present over the continental shelf, but only about 9000 MT was at
locations and depths where biomass was >1.0 g/m3.

The average Western Arctic bowhead probably fed in the study area for
only a day or two during the late summer and early autumn of 1985. Assuming
an average of 2 days of feeding, some individual bowheads probably could have
acquired 2/130ths (or more) of their annual food needs within the study
area. However, for the entire population, 2/130ths of the annual food needs
would be about 6000 MT, or about 67% of the zooplankton occurring in
concentrations of >1.0 g/m3 (shelf portion of study area only) . It is
doubtful whether th= entire population of bowheads could find zooplankton
concentrations sufficiently dense to provide this amount of food in 2 days of
feeding within the continental shelf portion of our study area.

Bowheads probably consume several times as much food in the study area
during an average year as compared with the amount consumed there in 1985.
This conclusion is based on the higher average densities of whales that are
present in most years.

Most of the presently available data on food availability in the study
area came from one period of prolonged easterly winds in September 1985.
(Previous studies did not provide data on zooplankton biomass.) Additional
data from other years, other locations within the study area, and other wind
conditions are needed to evaluate whether food availability in 1985 was
typical. Data on food availability at locations and times when bowheads feed
within the study area are also needed in order to validate the energetic
model. Wind conditions and numbers of bowheads present in any future year
cannot be predicted, but all of these types of observations are planned for
the 1986 phase of this project.
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INTRODUCTION AND OBJECTIVE*

Most individuals of the Western Arctic (= Bering Sea) population of

I
I
I
I

t

I
I
I
t

bowhead whales, Balaena mysticetus, spend the period from May or June to
September or October in the Beaufort Sea. During this period they are
believed to consume most of the food needed for the entire year. Bowheads,
like other baleen whales, are believed to consume little food in winter,
although this point is not proven in the case of bowheads. In any case, the
Beaufort Sea is clearly of critical importance in the annual energy budget of
the great majority of the Western Arctic bowheads.

Offshore exploration for oil has been underway in the eastern (Canadian)
part of the Beaufort Sea for a decade. The main area of offshore drilling is
near the center of the summer range of Western Arctic bowheads. In Alaskan
waters, there has been much geophysical exploration for potential oil-bearing
structures, and the amount of offshore drilling is increasing. Possible
effects of these industrial activities on bowhead whales in Alaskan waters
are of much interest.

Importance of the Eastern Alaskan Beaufort Sea

Most bowheads spend much of the summer in Canadian parts of the Beaufort
Sea (Richardson et al. 1985a). However, in some years some bowheads do occur
in the eastern part of the Alaskan Beaufort Sea for much of the summer. It is
possible that some never travel east into the Canadian Beaufort Sea in
certain years (Ljungblad  et al. 1983). Parts of the Alaskan Beaufort Sea may
be of great importance as a feeding area for these individual whales.

In addition, the eastern part of the Alaskan Beaufort Sea is apparently
the western edge of the main summer feeding range (Fig. 1, inset). In some
years, considerable numbers of feeding bowheads occur as far west as the
easternmost portion of the Alaskan Beaufort Sea. This is particularly true in
September, when many bowheads have begun a gradual westward movement
(Ljungblad  et al. 1984a; Richardson et al. 1985a), but are still feeding much
of the time. Stomachs of bowheads harvested in autumn at Kaktovik, a
community bordering the Eastern Alaskan Beaufort Sea, contain zooplankton,
mainly copepods and euphausiids (Lowry and Frost 1984). Some feeding has been
observed farther west, but the frequency of feeding seems to decrease as
bowheads move westward through the Alaskan Beaufort Sea during autumn
(Ljungblad et al. 1984a, in press).

Feeding in late summer and autumn may be especially important to
bowheads. This may be the last major feeding period for several months. Also,
the energy content of zooplankton is especially high in late summer (Lee
1974; Percy and Fife 1981).

Government agencies that regulate offshore exploration for and
development of oil and gas are required to assess whether those activities
have the potential to harm endangered marine mammals such as the bowhead
whale. The U.S. National Marine Fisheries Service and the U.S. Minerals
Management Service (MMS) have concluded that available information is not -

* By W. John Richardson, LGL Ltd.
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adequate to allow a detailed assessment of the possible effects of offshore
industrial activities on bowheads that feed in the Alaskan Beaufort Sea.

As a result of this information need, MMS planned a two-year field study
of the importance of the eastern portion of the Alaskan Beaufort Sea (Fig. 1)
to feeding bowhead whales. That area was chosen because feeding seems to be
more frequent and prolonged there than farther west. A contract for the study
was awarded to LGL Ecological Research Associates Inc. in mid-July of 1985.
Field work was conducted in September and early October of 1985, and a
similar effort is planned in 1986.

Objectives and Approach of Overall Project

The general purpose of the two-year project is to quantify what
proportion of the energy requirements of the Western Arctic bowhead whale
stock is provided by food resources located in the Eastern Alaskan Beaufort
Sea. To do this, the main factors that must be considered are

- the numbers, activities and residence times of bowhead whales in the
area;

- prey identity, availability, distribution, patchiness, and energy
content, and oceanographic factors controlling these attributes of the
prey;
amount of prey (and of energy) consumed by the various categories
of bowheads that may feed in the study area (immatures, adult males
and females, etc.); and

- total energy needs of individual bowheads and of the population of
bowheads.

MMS has itemized the specific objectives of the study as follows:

10 Determine the concentration and distribution of the planktonic  food
of bowhead whales in the Eastern Alaskan Beaufort Sea and correlate
with known oceanographic features.

2. Estimate the number of bowhead whales utilizing the Eastern Alaskan
Beaufort Sea as a feeding area during the summer and fall; observe
and document their feeding activities, behavior and residence times.

3. Estimate the degree of utilization of available food resources in
the Eastern Alaskan Beaufort Sea by the Western Arctic bowhead whale
stock.

4. Test the following null hypothesis:
Food resources consumed in the Eastern Alaskan Beaufort
Sea do not contribute significantly to the annual energy
requirements of the Western Arctic bowhead whale stock.

Table 1 is a summary of the various objectives, data needs, and possible
data sources involved in addressing the general project purpose. Virtually -

all study components listed in Table 1 are included in the ongoing research.
As shown in Table 1, data available in the literature and from unpublished
sources are also being used where possible or necessary (LGL and Arctic
Sciences 1985). Literature data will be especially important in addressing
questions that require a broader temporal or spatial perspective than can be

I
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attained from two seasons of fieldwork within our relatively small study
area.

Objective 1 requires us to determine the availability of zooplankton
within the study area during late summer and early autumn. The primary
requirements are to document the biomass of zooplankton present at different
locations and depths, and to determine how zooplankton availability is
related to water mass characteristics. Previous studies in and near the study
area have provided data on the species and numbers of zooplankters present,
but not on their biomass, caloric content, or patchiness. Data on average
zooplankton biomass are needed in order to calculate the total amount of food
present in the study area. Data on the zooplankton biomass within patches of
concentrated plankton are needed to estimate the amount of food that a
bowhead might consume by filtering a given amount of water within areas of
peak zooplankton abundance. Bowheads are expected to concentrate their
feeding within such areas. Data on the caloric content of the zooplankton at
the places and times of study are needed in order to translate biomass
figures into estimates of energy content.

Objective 2 requires us to determine the numbers and activities of
bowheads within the S t u d y area. Previous aerial survey projects have
documented the seasonal occurrence of bowheads in the study area, and the
relative numbers of whales present at different locations and times.
However, there have been no previous attempts to determine absolute numbers
present in our study area. To determine absolute numbers, correction factors
must be developed in order to account for the many whales that are below the
surface, or missed for other reasons, during aerial surveys. To develop these
correction factors, data on the surfacing/diving cycles of whales within the
study area are needed. To meet the overall objectives of the study, we also
need to determine how long certain specific whales feed within the study
area$ i.e. we need to determine their residence times. Furthermore, we need
to determine how much feeding is done by an average whale within the study
area, where in the water column the whales feed, and how much water they may
filter while feeding.

Objective 3 involves estimating the utilization of available food
resources within the study area by bowheads. This can be approached using the
results from the zooplankton and whale studies conducted to meet objectives 1
and 2. The amount of water that bowheads may filter within the study area can
be estimated based on the observed numbers of individual whales within the
study area and their feeding behavior. The results of the zooplankton studies
can be used to estimate the biomass and energy content of the zooplankton
that bowheads may extract from this water. These results can then b compared
with the estimated total amount of zooplankton present in the study area.

The overall null hypothesis to be tested during the project is that food
consumed by bowheads in the Eastern Alaskan Beaufort Sea does not contribute
significantly to the annual energy needs of the Western Arctic bowhead
stock. The results to be acquired under objective 3 will provide the estimate
of food acquired within the study area. The annual energy needs of the
population must be estimated by theoretical and indirect methods. No direct
measurements of the energy requirements of bowheads (or other baleen whales)
have been made, and there is no practical way to acquire such measurements
with present technology. However, indirect and theoretical estimates of
annual energy needs of bowheads can be made by several methods. The results



Introduct ion 6

from those methods can be compared with one another and with similar analyses
for other species of baleen whales to evaluate their likely reliability. When
we have obtained satisfactory estimates of (a) food acquired within the study
area, and (b) the annual energy needs of the population, then the null
hypothesis can be tested.

In order to meet these objectives, the 1985 and 1986 field programs
involve two main tasks: (1) studies of zooplankton and the physical and
biological processes that affect zooplankton; and (2) studies of the
utilization of the eastern Alaskan Beaufort Sea by bowhead whales. Each of
these tasks includes a variety of subtasks. In 1985, studies of zooplankton
and their supporting processes included

- hydroacoustic  surveys to determine zooplankton distribution and
relative biomass in various areas and positions in the water column;

- net sampling at selected stations and depths to determine actual
numbers, biomasses and species composition, and to provide zooplankton
samples for size-frequency, calorimetry, and other analyses;

- boat-based measurements of water temperature, salinity, and
chlorophyll content;

- aerial remote sensing of water temperature, chlorophyll and sediment
content on a near-synoptic basis; and

- digital processing of satellite imagery to acquire synoptic data on
sea surface temperature and water color on the few cloud-free days.

Studies of bowhead whales in 1985 included

aerial and boat surveys of distribution, numbers, and movements;
observations of feeding behavior and other activities; and
photogrammetric work to study population composition and recurrence of
identifiable individuals in feeding areas.

We were also prepared to use radiotelemetry  techniques to study recurrence
and behavior, but there were no good opportunities for radio tagging within
our study area in 1985.

This report describes the progress made during the 1985 field season
toward meeting each of the objectives. It is emphasized that this report
deals only with the situation in 1985, a year when comparatively few bowhead
whales were present in the study area during early autumn. In some previous
years, more whales utilized the study area (cf. LGL and Arctic Sciences
1985). The final report, to be prepared in e~ly 1987, will address the
variable utilization of the study area in different years.

Study Area

The study area for this project is the eastern part of the Alaskan
Beaufort Sea, from longitude 144”W east to the eastern edge of the zone whose
jurisdiction is in dispute between the U.S.A. and Canada (Fig, 1). The study
area extends from the coast of northeastern Alaska north to latitude
71”30’N. This study area encompasses about 25,47o km2. of this, 33% is over
the continental shelf, 0-200 m deep; 30% is over the continental slope,
200-2000 m deep; and 37% is far offshore, >2000 m deep. During late summer
and early autumn of previous years, bowhead whales have been seen in all
three of these depth strata. However, all previous sightings of feeding
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bowhead whales have been in the shelf zone, <200 m deep. (For a review of
pre-1985 data concerning the utilization of the study area by bowhead whales
in late summer and autumn, see LGL and Arctic Sciences 1985.)

We planned to conduct most of our work in the southern 2/3 of the study
area, i.e. in the continental shelf and slope zones (depths 0-200 m and
200-2000 m), with emphasis on the former. There were several reasons:

1. Previous sightings of feeding bowhead whales within our study area
have all been in the shelf zone (LGL and Arctic Sciences 1985;
Ljungblad et al. in press).

2* Ice cover and other logistical problems for boat operations
were expected to increase with increasing distance from shore.

3. Offshore oil exploration in the study area will begin in shallow
waters on the continental shelf.

The Naval Ocean Systems Center (NOSC), which was also conducting studies
of bowhead whales for MMS in 1985, agreed to conduct occasional aerial
surveys north of the 2000 m contour, and to provide the data for our use. If
NOSC detected bowheads far offshore, we were prepared to initiate aerial work
there. In actuality, NOSC did not detect bowheads far offshore, and we did
not work north of the 2000 m contour. Indeed, few whales were found in any
part.of our study area until late September. Consequently some of our aerial
work was up to 40 km east of the ‘official’ stud’y area, where bowheads were
present and feeding during much of September. During late September, we did
study bowheads that were feeding within the official st”udy area.

Field Season

Choice of the field period for this project involved a number of
unpredictable factors and trade-offs. The duration of the 1985 field program
had to be limited to about 25 d of boat-based work and 27 d of aircraft work
for budgetary reasons. It was recognized that, during some years, bowhead
whales occur in the study area from early August to mid October. However,
even in years when some whales are present in August, peak utilization does
not occur until mid September (Ljungblad et al. 1984a, 1985a; LGL and Arctic
Sciences 1985). A further factor that affected scheduling was the expected
occurrence of pack and new ice. Pack ice could limit or prevent boat-based
work at any time during summer or autumn. Despite the fact that bowheads
usually do not enter the, study area in large numbers until mid September, it
was considered ill-advised to commence a 25-d boat program later than 1
September, given that freeze-up often begins in late September.

Consequently, the field season for this project was scheduled to extend
from 1 September to 25 September (for the boat) and to 27 September (for the
aircraft). In fact, boat work ended on 20 September after pack ice moved into
most of the study area and new ice began to form rapidly. Alter discussions
with MMS, it was decided to extend the aircraft work until 3 October.

Additional data on utilization of the srudy area by bowhead whales in
1985 came from other aircraft conducting whale surveys. NOSC conducted
surveys in the Alaskan Beaufort Sea, including our study area, from early
August to 20 October. Other LGL projects provided survey coverage in or near
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the study area from late August to 20 October. Results from these other
projects are taken into account in our description of utilization of the
study area by bowheads in 1985.

Boat Logistics

The boat program was designed to conduct broad-scale surveys of
zooplankton within the shelf zone, using hydroacoustic (echosounding)
techniques as well as conventional net sampling methods. If concentrations of
feeding whales occurred within the study area, ‘the
the fine-scale distribution of plankton near the
boat was to be used as a base for radio-tagging
concentrations. Measurements of water temperature,
content were to be acquired during both broad- and

boat was also to determine
feeding whales. Also, the
of whales within feeding
salinity, and chlorophyll
fine-scale sampling.

The boat crew began to move equipment onto a chartered 13-m vessel, the
‘Annika  Marie’, at Prudhoe Bay on 31 August. Installation was completed on 1
September, and the equipment was tested off Prudhoe Bay on 2 September. The
vessel traveled about 190 km eastward to the study area on 3 September, and
commenced zooplankton and hydroacoustic sampling on 4 September. Broad-scale
sampling was conducted along three onshore-offshore transects between
Kaktovik and Demarcation Bay (Fig. 1) from 4 to 18 September. Work was
interrupted by bad weather on 9 and 15-17 September, and by engine failure on
11-13 September.

Very few bowhead whales were in the study area during this ice free
period. Consequently, almost all of the boat time was devoted to broad scale
zooplankton and hydroacoustic surveys, along with associated physical
measurements. In the absence of concentrations of feeding whales, it was not
possible to conduct fine-scale zooplankton sampling operations around feeding
bowheads$ or to radio tag bowheads.

The storm of 15-17 September brought heavy ice into most of the study
area. After the storm, new ice began to form in the narrow nearshore lead
through which the vessel had to return westward to Prudhoe Bay. On 19-20
September, the vessel returned to Prudhoe Bay because of the threatening ice
conditions. One radio tagging attempt was made while the vessel was in
transit westward on 19 September. Ice conditions in the S t u d y area
deteriorated further after 20 September.

Aircraft Logistics

The aircraft program was designed to determine the distribution, numbers
and activities of bowhead whales within the study area. The aircraft crew was
also to obtain calibrated vertical photographs of bowheads, from which whale
sizes and residence times of identifiable animals can be determined. Also,
during transect surveys within the first half of the field period, the
aircraft was to carry aerial remote sensing equipment that can measure water
temperature and color. If the boat crew was able to apply radio tags to
bowheads, the aircraft was to assist in monitoring those tags.

A Twin Otter aircraft (DHC-6-300)  on full-time charter for the
project was based at Kaktovik from 4 September to 3 October 1985. Because
whales had moved into the study area in late September after the boat had
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been forced to cease work, MMS requested that aircraft work continue after
the originally-scheduled cut-off date (27 Sept) into early October. The
aircraft used for the project was equipped with bubble windows to facilitate
observations, a GNS 500A Very Low Frequency navigation system, a ventral
camera port for vertical photography of whales, and antennae and receivers
for monitoring sonobuoys and radio tags.

One or more flights were made on every day when weather allowed. We made
a total of 26 offshore flights, plus several additional flights to calibrate
the remote sensing and photogrammetric equipment. Total flight hours out of
Kaktovik were 99.4. Our aircraft work, as well as that of other groups, was
sometimes curtailed by bad weather. Nonetheless, all planned types of
aircraft-based work (aside from monitoring of radio-tagged bowheads) was
conducted successfully.

The first major section of this report is a description of the water
mass characteristics in and near the study area during the 1985 study
period. These data are important in understanding the distribution of the
zooplankton prey of bowheads. The ‘Water Masses’ section is based on
traditional boat-based measurements plus airborne and satellite remote
sensing techniques.

The second major section documents the characteristics of the
zooplankton in the continental shelf portion of the study area during the
1985 study period. Both net samples and quantitative hydroacoustic data are
considered in this section. This section provides the first systematic
information about the biomass, patchiness and caloric content of zooplankton
within the study area.

The third major section describes the seasonal distribution of bowheads
in and near the study area in the 1985 study period, the number of whales
present, the behavioral activities of these whales, and the sizes and
movements of some individuals.

The fourth section outlines our current understanding of the annual
energy needs of bowheads, and the extent to which these were met within our
study area in 1985.

The report concludes with an integration section that draws together the
various types of data acquired in the study , and a list of conclusions. These
last two sections are brief and preliminary. All sections of the report will
be expanded considerably in our final report, to be prepared after the 1986
field season.
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WATER MASS DISTRIBUTIONS*

Introduction and Objectives

As part of the 1985 study of the importance of the Eastern Alaskan
Beaufort Sea to feeding bowhead whales, sponsored by the U.S. Wnerals
Management Service, the spatial distributions of physical oceanographic
properties were mapped and analyzed. The physical oceanographic observations
were obtained concurrently with the biological components of the study,
described later in this report.

Information about physical oceanographic conditions was needed because
zooplankton, the primary food source for bowhead whales, are affected by
physical as well as biological processes. Based on previous studies
elsewhere, zooplankton abundance in the study area was expected to be highly
variable, both horizontally and vertically, and bowhead whales were expected
to concentrate their feeding in the denser patches of zooplankton.
Consequently, it was necessary to examine the factors that may affect the
local abundance of zooplankton. Mechanisms that concentrate zooplankton, and
their relationships to physical processes, are not well understood. However,
physical processes are known to affect zooplankton in two general ways:

1. Through enhancement of primary productivity, which increases the
food supply for zooplankton. This could occur by means of upwelling
of nutrient-rich water into the active surface layer from depth;

2. Through generation of convergence mechanisms (fronts and eddies),
which serve to physically concentrate zooplankton.

Prior to the 1985 field study, physical processes that could influence
the abundance of zooplankton in the study area during the late summer-early
autumn period were examined through a literature review and analyses of
available oceanographic data (Fissel  et al. 1985). The data utilized in that
review consisted of (a) existing oceanographic data collected during
ship-based cruises to the study area from 1950-1978, and (b) digital
satellite imagery from late summer during 1980-1984.

Fissel et al. (1985) found that large-scale upwelling appears to occur
frequently within the study area, as indicated by (a) upward tilting of
salinity contours along onshore-offshore oceanographic transects, and (b) the
presence of cold surface waters along the eastern Alaskan and Yukon
coastlines as detected from satellite imagery. Both types of physical
distributions are consistent with the occurrence of classical coastal
upwelling driven by easterly winds, the dominant wind direction within the
region. Upwelling along ice edges may also be important, but no direct
evidence was available to document the existence of this process.

Convergence and concentration of zooplankton by physical processes often
occurs in association with fronts and eddies (Bowman and Esaias 1978; Parsons
et al. 1977). Such features occur over spatial scales as small as tens of

* By David B. Fissel, John
Ltd., and Gary A. Borstad
Ltd.

R. Marko and J. Rick Birch of Arctic Sciences
and Dawson N. Truax of G.A. Borstad Associates
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meters, usually associated with areas where differing water masses abut.
Fissel et al. (1985) used satellite imagery to examine large-scale gradients,
having horizontal scales >1 km. Such large-scale gradients were most
commonly observed when the~e was westward advection of warm waters from
Mackenzie Bay, along the outer edge of the continental shelf and over the
continental slope. Frontal features were also observed in the nearshore zone
within 5 km of the coastline, due to freshwater discharges from local rivers
either directly or through discharges of riverine water previously
concentrated in coastal lagoons. Fronts may also occur near melting sea-ice,
although these fronts were difficult to examine due to lack of suitable
shipboard data or satellite imagery (Fissel  et al. 1985).

Other processes of potential importance in producing convergence zones
within the surface layer include (1) internal waves occurring along
horizontal density interfaces, and (2) wind-induced Langmuir circulation
cells, occurring as vertically-orientated vortices within the surface layer.
Because features of this type normally occur on small spatial scales (tens
to hundreds of meters), they cannot be resolved using satellite imagery.

The physical data collected during the present 1985 study were intended
to provide further information on the oceanographic processes described
above, and to assist in interpreting simultaneous observations of zooplankton
and bowhead whales. Satellite images and airborne remote sensing techniques
were used to determine the synoptic distributions of surface oceanographic
features throughout the study area. Horizontal and vertical profiles of
temperature and salinity were acquired by boat-based sampling along
oceanographic transects. Coordinated boat- and aircraft-based sampling
provided information on smaller spatial scales than had been available
previously. The concurrent measurements of zooplankton abundances and
physical oceanographic data were designed to permit testing of the hypotheses
that zooplankton aggregations tend to occur in or near fronts, eddies and
areas of upwelling.

This section of the report presents our results concerning the physical
oceanography of the study area in the late summer and early autumn of 1985,
the first year of a planned 2-year study. A more comprehensive final report
will be prepared in early 1987; it will be based on the present 1985 data,
the additional data to be acquired in 1986, and the historical review of
Fissel et al. (1985).

Physical Setting

Regional Sea-Ice Patterns

The distribution of sea-ice is a major determinant of oceanographic
conditions in the Eastern Alaskan Beaufort Sea. Sea-ice distributions during
the summer months are subject to a very large degree of year-to-year
variability (Brewer et al. 1977). The normal pattern of ice clearing
commences with breakup of the coastal band of landfast ice (usually complete
by early July), followed by a general offshore retreat of the pack-ice edge
through August and September.

In the summer of 1985, the offshore retreat of the pack ice was
unusually slow in the easternmost portion of the Canadian Beaufort Sea,
particularly in the broad area off the Tuktoyaktuk Peninsula and near the
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mouth of Amundsen Gulf (longitudes 125”W-134”W). High concentrations of
pack-ice were experienced within 50 km of the Tuktoyaktuk Peninsula
throughout July and August (Fig. 2 and 3). During the first half of
September the pack-ice edge retreated seaward to 75-100 km offshore, but it
moved onshore again in the latter half of September (Fig. 2-5). Ice
conditions in the eastern portion of the Canadian Beaufort Sea were worse
during July to September 1985 than during any other summer (aside from 1974)
over the 15-year period 1971 to 1985. Only in 1974 was the open water area
smaller than in 1985.

Ice conditions in the Eastern Alaskan Beaufort Sea were good relative to
those in the Canadian portion of the Beaufort Sea. The offshore retreat of
the pack-ice edge from the eastern Alaskan and Yukon coastlines began in
early August (Fig. 3A). From mid-August to mid-September, the area of open
water exceeded median values expected for this time of year (Fig. 3B, 4A,
4B). Under the influence of major westerly wind events experienced from
14-23 September, discussed below, the pack ice moved shoreward. This greatly
reduced the amount of open water off eastern Alaska in the latter half of
September 1985 (Fig. 5).

Weather Patterns

Weather observations, obtained from the National Weather Service station
at Barter Island DEW site, revealed that the prevailing wind was easterly in
August and September 1985 (Fig. 6), in agreement with the climatic normals
for the Eastern Alaskan Beaufort  Sea (Fissel  et al. 1985).

The prolonged period of easterly winds was occasionally interrupted by
westerly to northwesterly wind events, associated with the passage of low
pressure weather systems from west to east along the Beaufort Sea coastline.
Five well-defined westerly wind events occurred in August-September 1985:
8-9 August, 15-17 August, 4-6 September, 14-17 September and 19-22
September. Of these, the two events during mid-September were of unusually
large intensity and duration. For two days (16-17 September) strong
northwesterly winds blew consistently at speeds of 15-20 m/s. Following a
one-day interval of weak winds (18 September), moderate west to northwest
winds again developed over a three-day period (19-22 September) with speeds
of 6 to 15 m/s.

Data Collection and Methodology

Aircraft Data

Survey Procedures.--The airborne remote sensing instrumentation was
mounted in the Twin Otter aircraft chartered by the project. The equipment
was used during bowhead surveys only during the first half of September$ when
the study area was almost entirely ice free. The arrival of much ice in the
study area around 17 September 1985 would have prevented effective remote
sensing of water characteristics even if this component of the work had been
continued later in the field period.

Data on water temperature and color were acquired in three situations:
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Figure 2. Ice concentrations (tenths) in the Beaufort Sea on (a) 7 July
1985, and (b) 21 July 1985. The shaded area is the official study
area. OW designates open water conditions. Data are from charts
prepared by the Atmospheric Environment Service, Ottawa.
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Figure 3. Ice concentrations (tenths) in the Beaufort Sea on (a) 4 August
1985, and (b) 18 August 1985. Ice conditions for the severe ice
year of 1974, and for 1985 are from charts prepared by the
Atmospheric Environment Service, Ottawa. Median and maximum open
water conditions are shown for the same time of year, from Brewer
et al. (1977). Otherwise presented as in Figure 2.
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Figure 5. Ice concentrations (tenths) in the Beaufort Sea on 29 September
1985. Presentation as in Figure 2.
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1. Most of the systematic data were acquired during two stratified
random surveys to determine the distribution and number of bowhead
whales in the study area. The standard survey route consisted of 13
transects oriented NNE-SSW from the shore to the 200 m depth contour
(average spacing 10.6 km), plus eight N-S transects between the 200
and 2000 m depth contours (average spacing 18.5 km). Figures 14 and
17, later in this section, show the transect locations. The first
survey was on 5-6 September (nearshore lines only, due to persistent
fog); the second was 12-13 September.

2. On two dates (6 and 11 September), the aircraft flew along Boat
Transects 1 and 2 (see Fig. 11, later). The primary purpose was to
calibrate the airborne instruments against temperature, chlorophyll
and secchi measurements obtained from the boat.

3. On some other occasions while the aircraft searched for whales for
purposes of behavioral observations and photogrammetry, the
instruments were also operated. These ‘non-systematic’ data are
fragmented and have not been discussed here.

Airspeed was about 200 km/h while the aircraft flew along transects.
Aircraft altitude was 153 m during the 5-6 September survey, 305 m during the
12-13 September survey, and 153-457 m on other occasions. Observers aboard
the aircraft noted sea state, ice conditions, and visible water mass
discontinuities. Aircraft position was recorded at frequent intervals using
a GNS 500A VLF navigation system. Airborne remote sensing data were
sometimes acquired under overcast conditions (e.g. 5-6 September 1985) when
satellite remote sensing was impossible.

Background on Airborne Remote Sensing of Water Color.--The water color
measurements reported here were made with a custom built research
spectrometer and techniques developed by and for the Canadian Department of
Fisheries and Oceans at the Institute of Ocean Sciences, Sidney, B.C., Canada
(Neville and Gower 1977; Borstad et al. 1981; Borstad and Gower 1984; Borstad
1985) .

The spectral properties of visible radiation emerging from a natural
water body are determined by the absorption and backscatcering character-
istics of the upper layers of the water column, by the character of the
incident radiation, and by the transmission properties of the water surface.
Since backscattered light is more or less white, the apparent color of the
sea (where the depth is great enough that illumination reaching the bottom is
absorbed before it returns to the surface) is determined primarily by
absorption in water and by dissolved and suspended materials
planktonic algae.

Since water itself absorbs only weakly at blue wavelengths and
in the red, pure water appears blue to an observer. By
phytoplankton pigments have evolved to absorb blue light

including

maximally
contrast,
strongly.

Increasing amounts of pigment cause the water color to shift from blue to
green. A measure of the ratio of green to blue radiance (G/B) leaving the -
water relates closely to the phytoplankton chlorophyll concentration in the
upper 5 m of the water column (Clarke et al. 1970; Gordon et al. 1983). For
this project we have utilized the ratio of 550 nanometer (rim) reflectance to
525 nm reflectance (Fig. 7), since these wavelengths are relatively
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indices.
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insensitive to interference by atmospheric path radiance, surface reflection
and a number of other potentially interfering factors to be discussed later.
However, all indices making use of the blue-green color changes induced by
chlorophyll can be affected by dissolved organic materials such as tannins
and lignins present in terrestrial runoff, since they, like the plant
pigment, also absorb strongly at blue wavelengths. Also, since backscatter
effects generally outweigh absorption, low concentrations of suspended
inorganic particulate can mask blue-green variations caused by chlorophyll
(Morel and Prieur 1977).

A second index of near-surface phytoplankton concentration may be
derived from the water color by measuring in vivo fluorescence of chlorophyll——
a and its phaeopigments. This adds a Gaussian shaped peak near 685 nm to
~ater reflectance spectra (Neville and Gower 1977; Gower 1980; Borstad et
al. 1981; Borstad and Gower 1984). Because of greater absorption by water
at these longer wavelengths, the height of this fluorescence line (the
Fluorescence Line Height or FLH signal) is correlated with the amount of
chlorophyll in the uppermost 2 m of the water column. Generally, the factors
that interfere with the G/B measure of chlorophyll (surface reflection,
atmospheric path radiance, dissolved organic material) do not grossly affect
the FLH. However, physiological variability of in vivo fluorescence may
affect this index.

.—

Where inorganic particulate material (riverine sediments or glacial
flour) is present at concentrations greater than 1 mg/L, it can dominate the
optical processes and alter or mask the G/B and FLH signals from low
concentrations of chlorophyll.

It is possible to determine the concentration of suspended inorganic
materials indirectly from measures of the upwelling radiance
650 nm,

at 550 and
where absorption by phytoplankton  is at a minimum. Under most

natural circumstances> absorption by water is much greater than absorption by
phytoplankton within this spectral range. We have used both a simple measure
of the reflectance at 640 nm (R640) and the 550/640 nm ratio (G/R, Fig. 7).
Earlier work in the Beaufort Sea has shown that both measures relate closely
to total suspended material and also to secchi depth (Borstad 1985). In this
report, we show only the R640 distributions.

Institute of Ocean Sciences Color Spectrometer .--The 10S spectrometer
(Walker et al, 1974, 1975) uses a reflection grating and an array of silicon
diodes to measure and record the spectral variations of light leaving the sea
surface. A custom design microprocessor acquires, formats and writes
spectral data to a 9-track computer-compatible tape (Fig. 8). In previous
usage of the spectrometer only one uncalibrated water color index and an
oscilloscope trace of the raw spectrum were available in real-time. Digital
data on tape were analyzed in the laboratory after return from the field.

For this project, a real-time capability was added to the spectrometer
system using an IBM-PC with 650 Kb of RAM memory$ and an 8087 co-processor to
increase the speed of mathematical operations. A Labmaster Analog-to-Digital
interface and appropriate computer programs were used to acquire, display,
analyze and store the spectral data. This real-time data acquisition and
display system is presently configured as an addition to the original
spectrometer system; the 9-track tape now forms the backup for the real-time
microcomputer components (Fig. 8).
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real-time analysis of the September 1985 survey data was essentially
as was previously carried out in the laboratory~ except that the
was able to critically evaluate the data being acquired and correct
that would otherwise have gone undetected.

Reflectance spectra were computed by normalizing the radiance upwelling
from the sea surface (Lu) by the downwelling irradiance (E ) incident
on a horizontal opal glass collector mounted on top of t~e aircraft
fuselage. The reflectance ratio (L /E ) thereby accounted for cloud-
induced variations in illumination alo~g ~he flight path. The spectrum of
the incident irradiance was measured frequently when the spectrometer looked
up through a hole in the aircraft skin at the bottom of the opal collector;
the intensity of incident irradiance was monitored continuously by a separate
single silicon diode.

Reflectance spectra calculated every 1 to 8 seconds (longer under heavy
overcast skies) were corrected for a mean atmospheric scattering contribution
appropriate to the aircraft altitude, and for an additive signal from surface
reflection, mist and whitecaps. The latter additive signal was assumed to be
white. Its magnitude was calculated on the assumption that the corrected
reflectance at 780 nm was
chlorophyll and turbidity
against time on strip
distribution maps, based
frequent time intervals.

The acceptance angle

zero. The continuous computations of the various
indices, corrected as just described, were plotted
charts. The data were later transferred to
on the known position of the survey aircraft at

of the spectrometer is small (0.17° x 0.7°) and
from 150 m altitude its instantaneous footprint on the sea surface is
therefore about 0.44 x 1.8 m. This is smeared by the forward velocity of the
aircraft (about 55 m/s). Hence, the survey data are for narrow strips
between 50 and 400 m long along the flight path, depending on the integration
time, aircraft ground speed and altitude.

On the maps of
from airborne remote
isopleths were drawn
similar values were
approximately equal

the color and temperature of surface water, as derived
sensing data (see Fig. 14, 15, 17 and 18, below)> the
between adjacent transects so as to connect areas where
measured. We attempted to present the data with
spatial resolution in the along-shore and offshore

directions. Hence, some small-scale features (<l-2 km) that were evident
along single or adjacent transects have not been mapped, since features of
this size occurring between transects could have been missed.

Further details concerning the measurement and analysis techniques for
the airborne data can be found in Gower (1980), Gower and Borstad (1981),
Borstad and Gower (1984), and Borstad (1985).

The remote color measurements need to be calibrated using in situ
measurements in order to use them quantitatively. Surface chlorophy~l  data
from the 19853boat-based sampling indicated that chlorophyll ~ levels were
below 1 mg/m almost everywhere, and below 0.5 at Yost locations (see
‘Zooplankton  f section), The only values above 1 mg/m were within a few
kilometers of shore off Kaktovik. Similarly, the FLH index from the airborne
remote sensing indicated that chlorophyll concentrations were low
everywhere. Hence, the color variations that we observed probably were
largely caused by variations in amount of suspended inorganic materials



rather than chlorophyll. No..
were made in the 1985 phase of
variable next year. However,

measurements of suspended
the study; samples should
Figure 9 illustrates that

relationship between secchi transparency recorded at five
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inorganic material
be taken for this
there was a close
locations on 7-10

September and R640 recorded at the same locations on 6 September. The bar
for each station reflects the observed variability in R640 along 2 km of the
transect in the region of each station. The boat-based secchi measurements
can only be used to calibrate the R640 data from 5-6 September. No
boat-based data were acquired during or near the airborne survey of 12-13
September. However, aircraft-based visual observations on 12-13 September
suggested that the R640 patterns on those dates were representative of
relative turbidity in different areas.

Airborne Radiation Thermometer (ART)--- The Barnes Precision Radiation
Thermometer PRT-5 is a commercial radiometer that measures the 10-12 micron
thermal infrared radiation from the ocean using a chopped, temperature
stabilized thermistor. The instrument has a 2° field of view, and therefore
an instantaneous footprint of about 5m diameter from 150m altitude. Its
practical accuracy is about i- 0.5”c.

Laboratory calibration of the ART involves pointing the sensor into a
container of stirred water while slowly increasing the water temperature,
Since the ART measures the sum of all IR radiation within its field of view,
the relationship between the ART output and sea surface temperature can be
expected to deviate from the lab calibration because of atmospheric water
vapor. This effect is generally a simple linear offset, with no change in
slope. When the relative humidity is uniform across the study area, the
calibration remains valid.

Comparison of ART data measured on 6 September with in situ sea surface
temperatures measured on 5-7 September produced the curve in Figure 10. A

——

line with the same slope as the lab calibration fits the 6 September data
to within about * 0.25”c. Most boat-based data collected at other times (5,
7 and 8 September) also fall near the line; this suggests that there was
relatively little change in the geographic pattern of temperatures during
this period. No boat-based data on sea surface temperature were available at
the time of the 12 and 13 September aerial survey. We have used the
calibration line shown in Figure 10 for those days also, although we expect
larger errors because of different atmospheric conditions.

Satellite Data

Ceneral Description of Satellite Data Types and Sources.--More
extensive, synoptic views of the overall distribution of surface water
temperature and turbidity were obtained on the few clear days from images
produced by the Advanced Very High Resolution Radiometer (AVHRR) instrument
on board the polar-orbiting NOAA-9 satellite. These images were obtained in
digital computer-compatible tape (CCT) form in each of five separate bands
within the overall wavelength range 0.58 pm to 12.5 ~m. As transmitted by
the satellite, images consist of arrays of 10-bit numbers representing the
instrument’s response to radiation. Each value represents the radiation from
a pixel or picture element. A pixel is the minimum-resolvable portion of the
earth’s surface, and for a NOAA satellite represents an area of
approximately 1.2 km2. Each image consists of successive scanning lines
or strips aligned perpendicular to the projection of the satellite orbit onto
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(Fig. 11). The dashed lines are * l/4°C from the fitted line.
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the earth’s surface. Each strip contains 2048 pixels. One image is formed
for each band of wavelengths sensed by the satellite.

Ideally, the two NOAA satellites allow the observation of events on time
scales as short as a few hours. Each satellite passes over the study area
at least 3 times per day during daylight hours, and each pass covers a wide
swath (2500 km). In cloudy areas such as the Beaufort Sea, usable imagery is
not obtained nearly this often. However, the availability of numerous daily
overpasses greatly increases the likelihood of obtaining data from any
particular portion of the area of interest during occasional periods of clear
viewing.

In the present study, we used images obtained in bands 1 and 4, which
correspond to visible wavelengths (0.58 ~m to 0.68 ~m) and ‘thermal’ infrared
wavelengths (10.5 ~m to 11.3 ~m), respectively.

Band 1 radiance levels (energy per unit time per unit area) are
primarily associated with scattering of solar radiation from the uppermost
portion of the ocean. Because band 1 reflectance is approximately
proportional to the concentration of light-scattering particulate in the
upper portion of the water column, band 1 AVHRR images can be used to
estimate surface turbidity levels.

Radiance in band 4 and in the other ‘thermal’ infrared wavelength bands
(3 and 5), on the other hand, is almost entirely attributable to energy
radiated by the sea surface, as opposed to scattering of solar energy. As a
results the radiance in these bands is closely related to the surface
temperature through the radiation laws, as implied by the ‘thermal’ infrared
designation.

Digital images either used or considered for use in this study were
obtained from four different sources:

1. Environmental Data Information Services (EDIS), U.S. Dept. of
Commerce, Capitol Heights, Maryland;

2. The Arctic Weather Centre (ARWC), Atmospheric Environment Service,
Edmonton, Alberta;

3. National Environmental Satellite Data Information Service (NESDIS),
Field Station, GiZmore Creek (GC), Alaska;

4* The Remote Sensing Centre of the University British Columbia (UBC),
Vancouver, British Columbia.

Only the first of these suppliers (EDIS) was able to provide images with the
full 10-bit radiance resolution as originally transmitted to ground reception
stations. Other suppliers produced 8-bit versions of the transmitted images
by dropping the two least significant bits in each received pixel radiance
value (equivalent to integer division by 4). Although the higher resolution
EDIS imagery was preferred, apparent defects in the images received from EDIS .
could not be corrected within the project schedule. This necessitated total
reliance on the 8-bit UBC and GC data tapes. This circumstance reduced the
level of spatial detail that ultimately could be extracted from each image.
However, in practice$ it had little effect on the quality of our maps of
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water properties, given the relatively small number of categories of pixel
radiance that could be displayed conveniently.

The four pairs of 1985 images considered in this report are listed in
Table 2. One was from late August and three were from September. They were
selected following thorough review of the EDIS imagery collection by Mr. W.
Gould of the U.S. Dept. of Commerce and our own survey of the UBC and Arctic
Weather Centre image collections. Although additional images would have
improved our ability to follow events, the availability of three images for
the particularly cloudy month of September 1985 was fortuitous. The images
were obtained during brief breaks in the cloud cover; the breaks occurred
during two easterly wind events (18 August; 13 September) and after two
westerly wind events (18 and 22 September).

Methodology for Satellite Analysis.--The digital tape images were
processed using the facilities of the Imaging Processing Laboratory at the
Institute of Ocean Sciences, Sidney, B.C., in a manner similar to that
described in previous studies of bowhead whale habitats (Borstad 1985; Fissel
et al. 1985; Thomson et al. 1986). The Image Processing Laboratory
facilities allow the production of computer graphic representations of the
matrix of radiance values associated with individual surface pixels in each
distinct wavelength band. The correct position of each pixel was established
on an equirectangular  projection using image rectification programs and
recognizable coastal landmarks. The absolute geometric accuracy is estimated
as approximately 2 km. In addition to the eastern Alaskan study region, the
rectified area also included Mackenzie Bay, east to approximately 136°W,
because of the established (Fissel et al. 1985) influence of water of
Mackenzie River origin on the properties of surface water within the formal
East Alaska study area.

Our image processing procedure involved the combined use of the Band 1
and Band 4 images to identify pixels whose high radiance values in both
wavelength bands indicated obstruction by cloud and/or ice. (Note: high
radiance values in bands 1 and 4 correspond to high values of turbidity and
to cold temperatures, respectively. In contrast, dark or low radiance areas
on these band 1 and 4 images are associated with clear and warm water,
respectively. ) Pixels containing ice or cloud were depicted in white on the
resulting color images. Land areas were depicted in black and a latitude-
longitude grid was superimposed. Pixel radiances in open-water cloud-free
areas were represented as 6 color-coded categories. Aa in earlier studies

Table 2. Satellite imagery used in this study. The imagery was obtained from
the Gilmore Creek field station of the National Environmental
Satellite Data Information Service (NESDIS) and from the Remote
Sensing Centre of the University of British Columbia (UBC).

Satellite Orbit Date Time (GMT) Source

NOAA- 9 3660 28 Aug 1985 21:35Z UBC
NOAA-9 3886 13 Sept 1985 22:20Z UBC
NOAA– 9 3956 18 Sept 1985 ? UBC
NOAA-9 4013 22 Sept 1985 22:1OZ NESDIS
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(Thomson et al. 1986), the magnitudes and ranges of variation of the band 1
radiance in the studied areas were only about 15% of the corresponding band 4
quantities. As a result, surface spatial details were most clearly extracted
from the thermal infrared data. To display these details, we often (3 of 4
images) prepared two maps from the same band 4 data. One map used 6 colors to
represent the range of band 4 variation across the entire region that we
examined (Mackenzie Bay plus East Alaska). The second map provided a finer
subdivision of the range of band 4 values within the Eastern Alaskan Beaufort
Sea. A second map of the band 1 data was not necessary because of the
narrower range of variation over the entire region.

On each map, the pixel range associated with each color is indicated in
an accompanying color-scale. In those few cases where the availability of
airborne and boat-based data allowed rough calibrations, approximate
correspondences between pixel ranges and surface water temperatures are also
indicated.

Boat-Based Data

The primary physical oceanographic data collected from the boat were
temperature-salinity (T/S) measurements along three transect lines (Fig.
11). The data consisted of frequent surface T/S measurements acquired using
a Hydrolab 4021, as well as a lesser number of vertical profiles obtained
with an Applied Microsystems CTD-12.

Surface T/S Data. --Measurements of surface temperature and salinity were
obtained from the vessel ‘Annika Marie’ at 67 stations along three transect
lines (Fig. 11). The instrument, a Hydrolab digital 4021, employs a
thermistor for Temperature measurement and a 4-electrode conductivity cell.
Conductivity measurements are automatically and internally adjusted to
produce values referenced to 25”C. The manufacturer provides the following
estimates of accuracy: temperature, * 0.2°C; conductivity, + 2.0 mmho/cm,
using the 200 K scale.

Surface measurements were obtained over three distinct time intervals.
On 5-6 September 1985, 29 sets of observations were collected along transect
1. On 7-10 September 1985, 27 sets of observations were obtained on transect
2. Following an 8-day period of boat problems followed by inclement weather,
11 additional sets of observations were collected along transect 4, on 18
September 1985.

Surface water samples collected during the cruise were later analyzed on
a salinometer. Comparison of these salinities with those obtained by the
Hydrolab indicate that the Hydrolab readings were consistently too large by
1.55 to 1*85 0/00 (Fig. 12). Consequently, all surface salinity data
presented in this report have been reduced by 1.7 O/oo. No similar check was
possible for the Hydrolab temperatures, but most values agreed to within +
0.5°C of the surface temperatures from the CTD-12 profiles (Table 3). In
view of the large time delay between measurements from the two different
instruments, the agreement was considered satisfactory and likely within the
expected accuracy of both instruments.

T/S Profiles. --Vertical profiles of temperature and salinity were made
at 13 stations (Fig. 11), although the station 12 data were missing from the
tape for some unknown reason. The Applied Microsystems CTD-12 records
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Table 3. Comparisons of surface temperatures as measured by the Applied
Microsystems CTD-12 and the Hydrolab  model 4021.

Surface Temperature (“C)
Difference (“C),

Station AML CTD 12 Hydrolab CTD12-Hydrolab

1
2
3
4
5
6
7
8
9
10
11
13

0.14
0.84
1.06
2.52
2.38

-0.40
0.59
1.15
2.02
1.56

-0.58
-0.09

0.7
004
1.1
2.3
2.4

-0.2
1.7
1.9
2.1
1.8

-0.8
-0.2

-0.56
0.44

-0.04
0.22

-0.02
-0.20
-1.11
-0.75
-0.08
-0.24
0.22
0.11

internally on magnetic tape using five repeating channels (Pressure,
Temperature, Conductivity, Temperature, Conductivity), repeating sequenti-
ally. Each measurement requires 0.56 s, with each 5-channel scan taking 3
s. Vertical separations between successive temperature and conductivity
measurements ranged from 0.1 to 1.0 m, according to the lowering rate of the
instrument.

The data were transferred to the Arctic Sciences Ltd. PDP 11/24 computer
for processing. Obvious spikes were removed through manual editing of the
data. Only the data obtained from the downcast, which has the best sensor
response, were used for each site. Interpolated values of pressure and
temperature were computed so that all data$ including conductivity, are
representative of the same depth during each raw data scan. The raw values
were then converted into engineering units (Pressure - dbar, Temperature -
“c, Conductivity ratio), applying calibration data obtained on 16 March
1984. The pressures were then adjusted so that the initial readings of each
cast occurred at 1 dbar.

Salinities were computed using the Practical Salinity Scale 1978 (Lewis
1981). Sigma-T, or reduced density, was calcula~ed as

et = (density - 1) x 10 .
Plots of the profile data are included in Appendix 1. Sound velocity and the
freezing point temperature (Millero  1978) were also computed.

The manufacturer provides the following estimates for the accuracy of
the CTD-12: temperature, & ().()2°C; conductivity, A 0.03  0/00 equivalent
salinity. No reversing bottles were used for field checks on the .
calibration. The temperature data of the CTD-12 and the Hydrolab generally
agreed to within k 0.5°C at surface. No check was possible for salinity data
as the surface samples collected for laboratory salinometer determination
were not collected at the same time as the CTD profile. From previous

I
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experience with the CTD-12, the resolution may approach + 0.03 O/oo: however,
the accuracy is typically on the order of k 0.1 O/oo.

Results

Surface Distributions

Satellite Imagery, 28 August 1985.--The 28 August
recorded just prior to the start of the field study.

satellite imagery was
The processed imagery

(Fig. 13) shows the presence of warmer, silty water in a broad ~and
commencing some 55 km (30 n.mi.) offshore from the coast of northeastern
Alaska (band 1 pixel levels 14 and 15; band 4 pixel levels-106-121). The
turbidity and temperature of the water increased to the east, reaching peak
values in southern and eastern Mackenzie Bay. The images demonstrate that
the warmer and turbid waters found well offshore within our study area
originated from Mackenzie River discharge into Mackenzie Bay. In the thermal
images (Fig. 13B,C), a coastal band of cold water (pixel levels 128-133) was
apparent within our study area; its average width was about 25 km. The
offshore edge of this band abutted a body of intermediate temperature water
(band 4 pixel levels 119-127). That water contained several large eddies
over the outer half of the eastern Alaskan continental shelf. The water
closely approached the coastline at 140”W, and appeared to represent an
intrusion of warmer water onto the inner portion of the continental shelf at
that longitude.

In Mackenzie Bay, very cold moderate-turbidity water was present along
the Yukon coastline between Kay Point and Shingle Point. Strong gradients in
surface properties occurred along the northeast edge of this band of cold
water. The thermal gradients present in the Eastern Alaskan Beaufort Sea
were less intense. The strongest gradients within the Alaskan study area
were found over the continental slope, with a progressive reduction in
intensity westward, away from the influence of the Mackenzie River. Within
the Alaskan study area, a weak and more diffuse thermal gradient, bordering
the inner side of the intermediate-temperature surface water, was evident at
offshore distances of about 25 km in the west to 35 km in the east.

Aircraft Survey, 5-6 September 1985.--On 5 September, the southeast
corner of the study area (south of approximately 700N) was surveyed; fog
prevented surveys farther to the north and west. On 6 September, the
remainder of the continental shelf (depths to 200 m) was surveyed (Figs. 14,
15). All of the 5-6 September data were collected under cloud, so no usable
satellite imagery was available. However, boat-based data were being
collected along boat transect 1 at this time, and airborne remote sensing
data were collected along the same transect (Figs. 14, 15).

The airborne results demonstrate the same general pattern as the
satellite imagery results of 28 August. While quantitative comparisons are
difficult, since the 28 August satellite data have not been calibrated within
our study area, there is some evidence that the warmer water influenced by
the Mackenzie River may have extended closer to the coast by 5-6 September.
Water having temperatures exceeding 1.5°C occurred within 15 km of the coast
off Demarcation Bay. A shoreward movement of warm offshore waters was to be
expected as a result of advection driven by the moderate northwesterly wfnds
of 4-5 September 1985.
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Figure 13. Satellite  imagery for 28 August 1985 derived from the AvHRR
sensor on the NOAA-9 satellite. False color imagery is used to
depict patterns of (a) surface reflectance - band 1, (b) surface
temperature - band 4, and (c) surface temperature - band 4,
reprocessed for high resolution within the official study area
(outlined by dashed lines). Accompanying the images is the range
of pixel radiance values for each color.
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The airborne survey revealed a narrow band of water warmer than O“C
extending from the coast out to about the 10 m isobath over the full
east-west extent of the study area (Fig. 14). This water was visually bright
green, and appeared contiguous with warmer and turbid green water in the bays
and lagoons. This feature was not evident in the satellite images because it
was effectively below the 1-2 km spatial resolution of the NOAA satellite
imagery.

In water deeper than about 10 m, a band of cold (-0.5 to O°C) water was
present. This cold water formed a band extending 1-10 km from north to
south, and extending from east to west across most of the study area (141° to
143°w). Small scattered bits of ice were observed throughout this cold
water, but 1-25% brash ice was present along the thermal gradient separating
it from warmer water along the shore. The band of cold water was widest and
coldest in the center of the study area north of Pokok Bay, and narrowest
east of 142°W.

Surface temperatures across the broad expanse of the shelf between the
20 and 50 m depth contours were in the range 1 to 2“C, with water as warm as
3°C at the northeast corner of the surveyed area (Fig. 14). The northern
section of the study area (water >200 m deep) was not surveyed on 5-6
September because of persistent fog. The area of intermediate water
temperatures (0.5 to 2“C) on these dates was similar to the area of
intermediate-temperature waters inferred from the 28 August satellite image
(Fig. 13B,C).

No water color data were obtained on 5 September (SE corner of study
area) because of the combination of extremely low light levels under heavy
overcast and equipment malfunctions on this first flight (remedied later in
the flight). Cood data were obtained under overcast skies on 6 September.

Water color varied relatively slowly over the study area on 6 September
(Fig. 15). The variability was probably a result of variation in dissolved
organics and suspended particulate matter of riverine origin. The shapes of
the reflectance spectra, similar to those shown in Figure 7, indicated that
surface chlorophyll concentrations were low everywhere in the study area. In
the bright green turbid waters along the shore and in the barrier lagoons,
chlorophyll concentrations were apparently slightly higher than those
offshore (see ‘Zooplankton’ section for boat-based data on chlorophyll).

Apart from the above–noted band of very turbid and bright green water
which appeared within a kilometer of the coast, there was a dark blue, clear
water mass off pokok Bay (R64(I indicates a secchi transparency of about 13
m), with a gradation to more turbid waters farther offshore (Fig. 15). North
of the 50 m contour, the turbidity contours roughly followed the isotherms.
The most turbid water was in the northeast corner of the surveyed area. A
secchi transparency of about 4 m is inferred for this water mass.

Satellite and Aircraft Data, 12-13 September 1985.--An aircraft survey
of the study area was conducted on 12 September (continental slope area,
200-2000 m depths) and on 13 September (continental shelf, 0-200 m depths). -
No data were collected just north and east of Kaktovik because we were
requested to avoid flying over whaling operations near Kaktovik. A useable
satellite image was obtained for 13 September (Fig. 16). It provided good
data for parts of the large area of open water extending north to 71°.



Water Masses 36

1 I 1
144” 143” 142” 141” ‘ 140S 139”

71”30
71”30’ —-. - - -  _ _ _  _ _ _ _ --—- ----;- - -  - - -  - - -  — - -

I

I I
Study , I
Area
Boundary” ‘ *fJoofi

I / . ’

I
I

70”30’‘~l~ti\2“5°. . . . . .
2°

/

. . . .
,,.2°  ● . .

..2”5°
/

oa & 3°~ “.,
c?” . . . . . . .

1°
I. . . ..0”50” “0

I. . . . /  “/’’”v:’\ /. .~ofl..” I . ..’
.“””””<” ~”::”

omden ,.. J>*
30” ...< -.4-I.

69”30’

I
/

I
I

/
I 70”30

/
I

/

EDGE””:

“.?oom

Sept 6 ●

Sept 7 A

DemarcationScale Boy
o la 20 X3 40 S3,m
o 5 10 15 2a 2 S : L ogoonn, m. 69”30’

ALASKA : YUKON
t

!44” 143” 142” :141° 140”
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However, cloud obscured much of the nearshore portion of the study area, and
satellite data were unavailable in the northwest part of the study area.

The range of pixel levels observed in the thermal band on 13 September
(Fig. 16C) was comparable to that observed two weeks earlier (Fig. 13C). On
both dates, a large area of comparatively warm surface temperatures was found
over the continental slope and areas farther offshore from the Eastern
Alaskan coastline. As before, the thermal contours suggest that warm water
originated in Mackenzie Bay, although water temperatures over the Eastern
Alaskan continental slope were warmer than those in offshore areas north of
the Yukon. By 13 September, the satellite imagery provided no evidence of a
turbidity plume extending northwestward from Mackenzie Bay (Fig. 16A). The
disappearance of the plume may reflect reductions in the river discharge rate
and silt input. Alternatively, lower sun angles at the time of observation
could also account for the apparent disappearance of the plume.

Over the continental shelf, the surface oceanographic features measured
from the aircraft data on 5-6 September were still present on 12-13
September, but their positions had changed (Fig. 17 and 18). The coastal
band of warm (>0.5”C), turbid water was still present along much of the
coastline out to about 3-4 km offshore. However, this feature was no longer
present near Demarcation Bay, where it had been measured one week earlier. A
patch of water colder than -1.O”C was still present several kilometers north
of Pokok Bay. Small widely scattered bits of ice were observed throughout
this cold water, but were more concentrated (0-20% brash) along its southern
edge. Th’is diffuse ‘string’ of brash ice extended across the south ends of
all but the easternmost three transects. At the south end of aircraft
transect 4 (Fig. 17), the ice was not separated from the shore by warm
turbid water, but was piled up against the beach in a band about 100 m wide.

A front roughly following the 50 m isobath separated shelf waters colder
than about O°C from water warmer than +0.5°C to the north. In the western
half of the survey area, the oceanographic front was visible from the
aircraft as a change in surface roughness. The thermal gradients were very
intense along the easternmost transect. Here the water temperature increased
by 3°C over a distance of less than 4 km. In many places along the
easternmost transects, the front was associated with mist and ‘sea-smoke’.

The area of low surface temperatures (<O°C) found shoreward of the front
was much larger than experienced on 5-6 September, particularly  off
Demarcation Bay. The eastern half of the shelf (where surface temperatures
were less than O°C) was covered by extensive slicks that were visible from
the survey aircraft. In most cases, these were not associated with a
temperature or color change$ but their orientation was consistent with the
general southeast-northwest trend of the isotherms. An eddy 4 to 5 km in
diameter was visible in a slick pattern near the south end of transect 2 off
Demarcation Bay. The eddy was in a pool of slightly warmer water; it may
have represented the center of a large gyre in this area. Additional
evidence of this eddy is provided by the shape of the isotherms (Fig. 17),
the absence of a warm band of water along the coast, and the ice piled up on
the beach at the south ends of aircraft transects 3 and 4.

Offshore of the front, parallel to the 50 m depth contour, the surface
water was characterized by intermediate temperatures (0.5 to 1.5°C). In the
western half of the study area, this region was very large, extending beyond
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. Satellite imagery for 13 September 1985 derived from the AVHRR
sensor on the NOAA-9 satellite. (a) surface reflectance - band
1, (b) surface temperature - band 4, and (c) surface temperature
– band 4, reprocessed for high resolution within the official
study area (outlined by dashed lines). Accompanying the images
is the range of pixel radiance values for each color.
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the 2000 m isobath (Fig. 17). Further to the east, the intermediate-
temperature surface water was bounded on the northeast by a broad front
separating it from warmer water (>2.O”C). This front, which converged with
the inner front along transect 1 at 70”20’N, was oriented from the SSE to
NNW , nearly perpendicular to the coastline. The area of intermediate-
temperature surface water was much larger than one week earlier. On 5-6
September (Fig. 14), the 2.0°C isotherm was situated over the continental
shelf (south of the 200 m depth contour) across almost all of the study
area, whereas on 12-13 September the 2.O”C isotherm was observed only in the
eastern portion of the study area. The displacement of the 2°C isotherm
ranged from about 70 km or more in the west to 20 km offshore in the east.

The distribution of water color during the 12-13 September survey (Fig.
18) roughly followed the temperature distribution. The waters in the north
and east were the warmest and most turbid, while those in the west were
colder and clearer. Two tongues of elevated turbidity were evident extending
into the study area from the east.

Satellite Imagery, 18 September 1985.--The presence of strong north-
westerly winds on 15-18 September (Fig. 6) resulted in drastic changes from
the previously observed water mass distributions (compare Fig. 19 with Fig.
16 and 17).

On 13 September the water had been relatively clear (band 1 pixel level
13) almost everywhere outside of eastern Mackenzie Bay. By 18 September,
higher band 1 radiance levels were found in waters adjacent to essentially
all ice and land boundaries. The increases were presumably due to the
presence of large amounts of sub-resolution brash ice near the pack ice edge,
and resuspended sediments near the shore. Both would be produced by the
strong winds and the accompanying high sea states.

The range of variability of the band 4 (thermal) values within the
official study area was reduced from that on 13 September (formerly 116-133;
now 133-137). There was also a slight depression of the coldest observed
temperatures; the maximum pixel level of 137 was 4 units higher (colder) than
the maximum of 133 observed in the two previous images. Nevertheless, warmer
water remnants were still present at least in the eastern half of the formal
East Alaska study region, and slightly warmer water was evident in western
Mackenzie Bay. These slightly warmer areas probably represented vestiges of
the warm water observed there on 13 September. However, even the warmest
water observed in east Mackenzie Bay was colder (band 4 levels 119-121) than
the warmest East Alaska water (band 4 levels 116-118) observed 5 days
previously. The reductions in surface temperature are consistent with a
large amount of heat lost to the atmosphere and to vertical mixing within the
water column. The CTD profile data (discussed below) provide further
evidence for these sources of heat loss. Advection of cold water from far
offshore probably played a minor role in the cooling process because of the
great distances involved and the relatively short (3 day) period of strong
winds preceding 18 September.

The satellite imagery for 18 September 1985 indicates that surface .
thermal gradients were very weak by comparison to previous observational
periods. West of Herschel Island, changes of 2 pixels or more in band 4
radiance (roughly equivalent to 0.5°C) did not occur over distances less than
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30 km. Stronger gradients were observed in band 1 within about 20 km of the
coastline. However, these gradients were probably attributable to
resuspension of bottom sediments in water depths of 10 m or less, and
subsequent advection of the turbid waters over water of greater depth, up to
approximately 30 m.

Satellite Imagery, 22 September 1985. --Despite the presence of cloud and
ice over the entire East Alaska study region, this pair of images (Fig. 20)
was considered in order to document the further modification of surface
conditions in adjacent Canadian waters after an additional 4 days of W-NW
winds. Relative to 18 September, there was a slight reduction in band 1
radiance levels adjacent to shoreline a,reas$ possibly because the slightly
lower wind speed reduced the levels of sediment resuspension. The thermal
(band 4) data, on the other hand, revealed a continuing decrease in
temperature. The coldest waters in southern Mackenzie Bay on 18 September
had radiance levels of 125-130 (Fig. 19B,C). In contrast, the warmest waters
found in the region on 22 September were along the coastline in east
Mackenzie Bay; their radiance levels were 125-130 (Fig. 20B).

These data imply strongly that Mackenzie Bay water was not likely to
have had an easily visible effect upon the surface properties of the East
Alaska study region in late September of 1985. The nearly uniform
temperatures and turbidity levels observed throughout the open water portions
of the official study area on 18 September would have been further enhanced
by the continuance of the W-NW wind trend that extended to 22 September.
This situation likely persisted into October, as the weak to moderate
easterly winds of 26-28 September (Fig. 6) likely were insufficient to advect
Mackenzie Bay water as far west as the Eastern Alaskan Beaufort Sea.
Moreover $ water in Mackenzie Bay itself was considerably colder in late
September than earlier, presumably because of the large degree of vertical
mixing and surface heat loss.

Subsurface Distributions

The CTD data were examined to study the distribution of water types at
depth, and to search for possible relationships between surface and
subsurface water mass distribution. IrI considering the CTD data, the
measurements on transects 1 and 2 were considered separately from those on
transect 4, as the latter transect was studied 8 to 13 days later than
transects 1 and 2. Moreover, an intense westerly wind event was experienced
between these measurement times (Fig. 6).

The vertical cross-sections of temperature and salinity (Fig. 21)
provide further information on differences in the properties of the surface
layer from the nearshore zone to the edge of the continental shelf. Over the
outer half of the continental shelf, where water depths are 50 to 100 m, a
well-mixed upper layer was present from the surface to a depth of
approximately 5 m. This layer was characterized by higher temperatures (1.5
to 2.5°C) and lower salinities (23 to 26 O/oo) than those experienced closer
to shore. For measurement locations closer to shore, the upper layer was
characterized by progressively reduced temperatures and increased
salinities. The depth of the mixed layer was also reduced to 3-4 m at the
shallower stations (depths 20-35 m; stations 2, 7 and 8). This can be seen
on the map of mixed layer depth (Fig. 22). Note, however, that at station 3
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Figure 19. Satellite imagery for 18 September 1985 derived from the AVHRR
sensor on the NOAA-9 satellite. (a) surface reflectance - band
1, (b) surface temperature - band 4, and (c) surface temperature
- band 4, reprocessed for high resolution within the official
study area (outlined by dashed lines). Accompanying the images
is the range of pixel radiance values for each color.
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Figure 20. Satellite imagery for 22 September 1985 derived from the AVHRR
sensor on the NoAA-9 satellite. (a) Surface reflectance - band
1. (b) Surface temperature - band 4. The study area is outlined
by dashed lines. Accompanying the images is the range of pixel
radiance values for each color.
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located at 31 m depth, the mixed layer extended to 7 m depth. Within the
nears here zone, at water depths of 10 m or less, the water column had uniform
properties to the bottom at station 1 off Kaktovik. However, at station 6,
located 36 km to the east, the mixed layer extended to 5 m depth, with warmer
and slightly more saline water found over the 5-10 m depth range.

The CTD data from transects 1 and 2 (4-10 September) showed that the
water properties at measurement depths in excess of 30 m were characteristic
of Arctic Water having an offshore origin (temperatures <1.5”C; salinities
>31). Along transects 1 and 2, the upward tilt of th~ temperature and
salinity contours near the coast (Fig. 21) is indicative of a shoreward
transport of Arctic Water from the edge of the continental shelf to nearshore
and inshore areas. Such a subsurface water mass distribution would be
expected from coastal upwelling driven by winds directed parallel to the
coastline, with the coastline to the left of the direction of the wind (i.e.
easterly winds). The winds were predominantly from the east during the
measurement period (5-10 September) and the preceding three weeks, providing
further support for the hypothesis of coastal upwelling.

In the nearshore areas, there was evidence of other processes besides
coastal upwelling. The evidence was most compelling at station 1; here, the
temperature of the water column was just over O.O”C , considerably warmer than
the temperature of the deeper water of comparable salinity found further
offshore (Fig. 21). The source of the additional heat within the water
column at station 1 was probably the warmer water discharged from the
extensive network of lagoons found to the east of Kaktovik. The thermal data
obtained from airborne surveys on 5-6 and 13 September (Fig. 14 and 17)
showed a narrow coastal band with surface temperatures of 0.5 to 2°C.
Discharges are most likely to occur under easterly winds, due to reduced
water levels along the coastline associated with the offshore transport of
near-surface waters. At station 6, also located near the coastline, the
degree of warming of the water column was considerably less than at station
1. This suggests that the source of warming of nearshore waters may be
localized. The differences in heat content between stations 1 and 6 may
simply reflect the fact that station 1 was closer to a complex of coastal
lagoons than was station 6 (Fig. 22).

No prominent subsurface layers were revealed by the temperature and
salinity profiles obtained in September 1985. Subsurface layers
characterized by temperature maxima at sigma-t values of 24-25.5 have been
detected farther to the west over the outer portion of the continental shelf
(Mountain 1974; Paquette and Bourke 1974). Those data are indicative of an
eastward flow of warmer Alaskan Coastal and Bering Sea Water. The only
location exhibiting a subsurface temperature maximum and sigma-t values of
24-25.5 was station 10 where a weak and possibly insignificant temperature
maximum occurred at depths of 50-60 m (Appendix 1). The absence of any
prominent subsurface features provides further evidence that, over the outer
half of the continental shelf in the Eastern Alaskan Beaufort Sea, the
general advection pattern was directed westward until 15 September. Further
evidence of this comes from the fact that the upper layer had the
temperature-salinity characteristics of water influenced by the Mackenzie
River, as described below.
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Water Mass Analysis

The temperature/salinity (T/S) characteristics revealed by the surface
measurements (Fig. 23A) and the CTD data (Fig. 23B,C,D) can be used to infer
the origins of the various water mass types in the Eastern Alaskan Beaufort
Sea. Three major categories of water mass types are evident from the data:

1. Arctic Surface Water (ASW) - This water type is cold (<-l.O°C) and
saline (231 O/oo) and originates within the Arctic Ocean through
large scale exchanges between the waters of the Arccic Ocean’s
continental shelf and the underlying Atlantic Water in the deep
basins of the Arctic Ocean (Aagaard et al. 1981).

2. Cold Halocline Water (CHW) - This water type is also cold (<-l.O°C)
but less saline (27-31 O/oo) than Arctic Surface Water. It
originates as a mixture of Arctic Surface Water with the cold fresh
water that arises from melting of the seasonal ice over the
continental shelves. Fresh water from the Mackenzie River and other
local rivers may also contribute to this water type, but this could
occur only after cooling of the river water to near-freezing point
levels. Mixing of the melt water from 2.0 m of sea-ice with a 20 m
layer of shelf water of average wintertime salinity of 32 O/oo
(Melling and Lewis 1982) would result in a water column with 28 O/oo
salinity at near-freezing temperature.

3. River Influenced Water - At the mouth of the Mackenzie River, this
water type has a very wide range of temperature (O to 18°C) at or
near zero salinity. The range of possible T/S characteristics is
further broadened through water mass modifications in Mackenzie
Bay. Mixing with local melt water from sea ice will reduce the
temperature and, to a much lesser degree, increase the salinity.
Absorption of heat from solar insolation will raise the heat content
while vertical mixing with the cold saline waters beneath will
decrease temperature and increase salinity. Examination of surface
salinity and temperature data collected from drillships  operating in
Mackenzie Bay (Thomson et al. 1986) indicates that representative
ranges of temperature and salinity, from mid-July to mid-August, are
4-12°C and 6-27 O/oo.

The T/S diagrams of the September 1985 data (Fig. 23) show that the
deeper portions of the water column at nearly all CTD stations either were
ASW, or were indicative of mixing with ASW. However, at stations 1, 11 and
13, the T/S characteristics were not clearly related to ASW. For station 1,
additional heat, likely through mixing with warm water from coastal lagoons,
has resulted in higher temperatures (see discussion above). The measurements
obtained on 18 September at stations 11 and 13 (Fig. 23D) indicate that the
T/S characteristics of the water column had been modified through mixing,
associated with the intense wind event of 15-17 September (see below).

CHW was recognizable only at the three CTD stations nearest the shelf
edge (stations 4, 5 and 10). This water type was not present over the inner
portion of the shelf. Instead, the 6-20 m portion of the water column over
the inner shelf appeared to consist of a mixture of ASW with the upper layer
of Mackenzie Bay water found farther offshore (possibly with some
contribution from the narrow coastal band of fresher warmer water).
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Figure 23. Temperature/ salinlty
data: (a) su~f~~e)

diagrams of the physical oceano-
graphic T/S on boat transect 1, 2 and
4; (b) transect 1 profile data; (c) transect 2 profile data;
and (d) transect 4 profile data. The boxes on the plots represent
the T/S characteristics of Cold Halocline Water (CHW) and Arctic
Surface Water (ASW).
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The T/S characteristics of the surface layer (Fig. 23A) varied
considerably among transects over the outer half of the continental shelf.
On all transects, the influence of river water increased progressively with
distance from shore, as indicated by increased temperatures and lower
salinities at the north ends of the transects (Figs. 21, 23A). However, the
change in T/S characteristics differed among transects (Fig. 23A). On
transect 1, the surface T/S characteristics were reasonably consistent over
the mid- and outer shelf. On transect 2, two distinct sets of T/S
characteristics were present: the surface T/S curve was approximately 1°
greater in temperature for a given salinity over the middle portion of the
shelf (depths 30-70 m) than was the surface T/S curve for water depths
greater than 70 m. The surface’ T/S characteristics on transect 1 were
intermediate between the two surface water types occurring on transect 2.
Such differences in T/S characteristics suggest that the upper layer, being
advected westward from Mackenzie Bay, consisted of water masses that had been
subjected to differing modifications. The differences might represent
varying blends of Mackenzie Bay water mixed with water of offshore origin.

The T/S characteristics of transect 4, which was confined to the inner
portion of the shelf near the eastern limit of the study area and was studied
following a major westerly wind event, were much more uniform than the
earlier data. The narrow ranges of temperatures and salinities indicate that
a great deal of vertical mixing had occurred because of the strong wind event
immediately preceding the observations. However, the T/S characteristics
cannot be explained simply as mixing of T/S values similar to those measured
earlier on transects 1 and 2 over the inner shelf. Instead, the entire water
column on transect 4 appeared to consist of ASW mixed with cooled (by
approx. 2°C) upper layer Mackenzie Bay water, and perhaps also with CHW that
previously was only found farther offshore.

Frontal Characteristics

Boat-based measurements of surface temperature and salinity (Figs. 24
and 25) showed that changes in surface water properties were not evenly
distributed over the continental shelf. Instead, there were comparatively
large gradients, or fronts, over distances ranging from <2 km up to 10 km
(Fig. 25). Between these fronts, the horizontal gradients-were much weaker,
reduced by as much as an order of magnitude. Strong gradients were also
apparent in the airborne radiation thermometer data (ART), as displayed in
the form of maps of surface temperature (Fig. 14 and 17), and as plots of
temperature along selected aircraft flight lines along or near boat transect
2 (Fig. 26).

The horizontal gradients with the largest amplitudes occurred over
comparatively short distances, typically 200 m to 2 km (Figs. 25 and 26).
These intense fronts were often accompanied by a nearby horizontal gradient
of opposite sign (e.g. events 11/111, Fig. 25B; ART data at 25-30 km from
shore on boat transect 2, Fig. 26). This pattern of pairwise occurrence of
fronts having opposite sign is indicative of small scale eddy features, with
scale size of a few kilometers. Due to the small scale size, these eddies
were not adequately represented in” two dimensions on maps of surface water
properties as measured by airborne transects spaced several kilometers apart
or on satellite images having 1-2 km resolution.
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The differences in surface T/S characteristics noted along boat
transects 1 and 2, as discussed previously, suggest that discussions of
surface oceanographic features derived solely from thermal distributions
should be used with caution. Salinity and temperature did not always change
in a consistent fashion. To examine this more closely, the boat-based
surface T/S data (Fig. 25) were used to examine frontal features represented
by temperature changes of at least 0.5°C and salinity changes of at least
1 O/oo. The amplitudes of frontal features defined in this way were compared
separately for boat transects 1 and 2 (Fig. 27). Along transect 1, changes
in temperature and salinity were reasonably consistent. The only obvious
inconsistencies were event II on the inner shelf (Fig. 27A); and the
northernmost 12 km of transect 1, near the shelf edge, where temperature
continued to increase in the absence of a salinity gradient (Fig. 25A).
However, along transect 2 , much larger discrepancies were evident (Figs. 25B
and 27B),

The lack of coincidence of some temperature and salinity gradients
implies that salinity gradients will not always be evident from maps of sea
surface temperature derived through remote sensing. Salinity gradients are
important in their own right because changes in salinity determine, for the
most part, changes in density. Also , salinity is a more conservative water
property than is temperature, as salinity is modified less by vertical heat
exchanges (solar insolation or turbulent heat losses to the atmosphere). For
this reason, some significant frontal features, including zones of conver-
gence and possible zooplankton aggregation, could be overlooked if one
considered only thermal maps of surface oceanographic features. On the other
hand, the availability of synoptic and repeated data from the remote sensing
techniques is a considerable advantage. The 1985 data showed that sa~ellite,
airborne and boat-based data are complementary. No one or two of these three
methods can provide all of the data needed to characterize spatial and
temporal changes in water masses.

Classification of Sampling Locations by Water Mass Characteristics

To examine the possible influence of water property types on zooplankton
distribution, the boat-based temperature and salinity profile measurements
have been used to categorize sampling locations according to consistent T/S
characteristics. A general classification of locations follows:

1. Stations 4, 5, 9 and 10 located over the outer portion of the
continental shelf. At each location, the upper part of the water
column consisted of a comparatively deep mixed layer (5-7 m) of
water with Mackenzie Bay T/S characteristic (T = 1.5-2.5°C; S =
23-26 O/OO). Below this was water characterized by increasing
salinity (and density) and decreasing temperature. The portion of
the water column underlying the surface layer represented a mixture
of Mackenzie Bay water with Cold Halocline Water (CHW).

Some notable differences were apparent within this grouping of
stations. Of most significance were the modified T/S character-
istics of the surface layer at station 10; here, the T/S curve was
displaced towards lower temperature and salinity than at the other
three stations. At station 9, the deeper portion of the water
column exhibited a much stronger influence of Arctic Surface Water
(ASW) and less evidence of CHW. The influence of the offshore
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waters with Mackenzie Bay T/S characteristics became progressively
weaker with increasing proximity to the coastline.

S t a t i o n s  2 , 3, 6, 7 and 8 located over the inner half of the
continental shelf. These locations were characterized by reduced
influence of the Mackenzie Bay water. The surface layer was lower
in temperature, higher in salinity, and generally reduced in
thickness as compared to that at stations in category (l). The
waters underlying the surface layer had T/S characteristics
indicative of a mixture of the surface layer with ASW.

Station 1 located inshore near the system of coastal lagoons. The
water column at this location was nearly uniform from the surface to
the bottom (13 m depth). The temperature was nearly 1°C greater
than would be expected, given the salinity$ if this station were in
category (2). A narrow band of warm surface water was present along
much of the coastline according to the airborne data of 5-6
September (Fig. 14) and 12-13 September (Fig. 17).

Stations 11 and 13 located over the westernmost portion of the inner
shelf and occupied after an extended period of unusually strong
northwesterly winds. Here the water column was well mixed, as
indicated by the large surface layer depth (8-10 m) and the uniform
T/S characteristics to near-bottom. The T/S characteristics
appeared to differ significantly from those of other categories,
likely due to heat lost from the surface to the atmosphere as well
as the extensive mixing of the surface and deeper waters. The
deeper water appeared to be more strongly influenced by CHW at
station 11 than at station 13, where the T/S characteristics were
indicative of ASW.

alternative classification s theme might be derived based on
horizontal gradients in surface layer properties. The rate of boat-based
sampling of surface T/S va~ues was not sufficient to fully resolve the
magnitudes of horizontal gradients. However, the gradient magnitudes can be
roughly inferred from the boat-based surface T/S data, as presented in
Figure 25.

Summary and Discussion

The distributions of physical oceanographic features over the Eastern
Alaskan continental shelf and slope in September 1985 were examined by means
of data collected from a boat, and through remote sensing from an aircraft
and satellite. Information concerning the regional distribution of sea-ice
and meteorological patterns in 1985 was also assembled for this study.

Large-Scale Advection Patterns

The distribution of near-surface oceanographic features was largely
dependent on the large-scale regional wind patterns. During most of August
and the first half of September, the prevailing winds were easterly. As a
result, the comparatively warm, fresh and turbid water of Mackenzie Bay was
advected westward into the offshore portion of the eastern Alaskan Beaufort
Sea. In September 1985, the offshore core of warm, turbid water was more
prominent in Eastern Alaskan waters than had been observed in previous years
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from satellite imagery (cf. Fissel et al. 1985). Heavy ice conditions in the
easternmost part of the Canadian Beaufort Sea during the summer of 1985 may
have concentrated the warm fresh water in Mackenzie Bay. The absence of the
usual dispersal of riverine water to the east likely contributed to the
strong riverine characteristics of Mackenzie Bay waters advected into the
Eastern Alaskan area, driven by the prevailing easterly winds.

Along the eastern edge of the study area, the warm and turbid water from
Mackenzie Bay was concentrated in the offshore waters, extending from the
outer edge of the continental shelf (over depths greater than 50 m) out to
the continental rise and slope (over depths exceeding 2000 m). Further to
the west, the Mackenzie Bay water was generally less warm and less turbid.
Also , in the western part of the study area, the warmer water was found at
greater distances from the coastline over the continental slope and beyond.
These waters occupied much of the large area of open water that extended
unusually far offshore in early to mid September 1985. The satellite imagery
suggested that the warm water was steered northwestwards along the steeply
sloping shelf break past the protrusion of Herschel Island. Near the east
side of the study area, large-scale eddies and meanders were observed along
the inner edge of the warm core of Mackenzie Bay water. These processes
resulted in advection of Mackenzie Bay water into the continental shelf off
northeastern Alaska.

Three water masses were evident on the shelf within the study area.
(1) A narrow band of comparatively warm water (>0.5°C) was present
immediately adjacent to the coastline. This water, given its discontinuous
extent along the coastline, was likely of local origin. (2) Offshore of
this, colder and more saline water was present. This water had surface
temperatures of -1.5 to 0.5°C and represented a mixture of cold saline Arctic
Water with warmer fresher surface water originating either locally (as seen
in the coastal band), or from the offshore Mackenzie Bay water. (3) Farther
offshore, over the outer half of the continental shelf, water having
intermediate surface temperatures (0.5 to 1.5°C) was generally present. This
water type had a well-mixed surface layer, typically 5 m in depth, which
exhibited the temperature-salinity characteristics of Mackenzie Bay water.
The influence of Mackenzie Bay water was also apparent beneath the surface
layer. The T/S characteristics indicated that this influence extended to
depths of 20-30 m or more.

During and following a pair of intense northwesterly wind events from
15-22 September, a major change in water masses occurred. The change was
attributable to eastward advection combined with strong vertical mixing of
the water column. At the end of this period, the warm core of Mackenzie Bay
water was no longer present, as an identifiable feature, in the offshore
portions of the eastern Alaskan Beaufort Sea. The Mackenzie Bay water had
retreated eastward. Perhaps equally important, the warm fresh water in the
surface layer had been mixed with the cold saline Arctic Water that had
previously been underlying the surface layer of Mackenzie Bay water. In
addition, heat from the surface layer was lost to the atmosphere. The
northwesterly winds also brought much pack ice into most parts of the study
afea.

The effects of large amounts of vertical mixing were also evident closer
to shore over the continental shelf during and after the strong northwesterly
winds in mid September. The surface layer became considerably cooler, more
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saline and deeper~ and was less clearly differentiated from the colder more
saline water beneath. No direct observations of the narrow coastal band of
warmer water were obtained after the strong northwesterly winds began.
However, satellite imagery from 18 September showed a band of
along the coastline, extending out to 10-15 km from shore.
turbidities presumably reflected wave-induced resuspension
sediments.

turbid water
The higher
of bottom

Upwelling

Upwelling  of nutrient-rich water from deeper to shallower depths may
enhance primary production and increase the food supply for zooplankton. The
boat-based oceanographic data demonstrated that coastal upwelling,  driven by
the dominant easterly winds, was present at least from 5 to 10 September.
The upward tilting of temperature and salinity contours at depth indicated
that the cold saline Arctic Water found at depth near the shelf edge was
being transported shoreward onto the inner part of the shelf, just seaward
from the narrow band of warmer water found along the coastline: The
satellite and airborne data were also consistent with upwelling, as indicated
by the presence of cold, clear water over the inner portion of the
continental shelf. During and after the period of strong northwesterly
winds, upwelling  probably stopped, given the absence of any known driving
mechanism to produce coastal upwelling. However the data are insufficient to
confirm that upwelling had ceased after 15 September. We acquired few
boat-based data after that date, and the distributions of surface-water
properties were relatively uniform within the limited parts of the study area
that were observable on satellite imagery.

Frontal Features

Prior to 14 September, three distinct frontal features of large scale
(many kilometers) were identified over the continental shelf, largely on the
basis of thermal remote sensing results. The innermost front was situated
within a few kilometers of the coastline, along the northern edge of a narrow
coastal band of warmer turbid water. The other two large-scale frontal
features were more ephemeral in nature. These frontal features separated
surface waters of low (<0.5°C) , intermediate (0.5 to 2.O”C) and warm (>2.O”C)
temperature. On 13 September, a well-defined thermal front of temperature
range O to 0.5°C was located roughly along the length of the 50 m depth
contour within the study area (Fig. 17). One week earlier, a similar range
of closely spaced isotherms (0.5 to 1.O”C) were located closer to shore,
nearer the 20 m depth contour (Fig. 14). On 6 September, the intermediate
and warm waters were not separated by any well-defined front (Fig. 14). By
12-13 September, however, a strong front appeared along the shelf break at
the eastern edge of the study area, oriented SSE-NNW (Fig. 17).

Both the airborne data (6 and 13 September) and the satellite imagery
(28 August and 13 September) suggested that meanders and eddies associated
with fronts can bring warmer water onto the continental shelf from farther
offshore. Typical diameters of these localized features, as resolved in the
satellite imagery, ranged from a few kilometers or less up to 10-15 km.
Higher resolution sampling in the horizontal plane, as conducted from the
aircraft and the boat, revealed large gradients over spatial scales as small
as a few hundred meters.
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During and following the northwesterly wind event of mid September, the
surface gradients in temperature were much reduced, due to the eastward
advection and strong vertical mixing associated with the strong winds.
Based on the boat-based and satellite data of 18 September, variation in
surface water temperature was limited to approximately 1°C or less throughout
the ice-free portion of the study area. No well-defined front was evident in
the satellite imagery.

Water mass analysis of the boat-based oceanographic data indicates that
gradients in surface salinity did not always coincide with gradients in
temperature. Thus the remote sensing data from aircraft and satellite,
largely based on thermal scanning, may not identify all important frontal
features. Salinity fronts, indicative of differences in the density of
surface waters, may be important in identifying possible areas of surface
convergence and aggregation of zooplankton. It may be possible to infer
surface salinity from water color in some areas (Borstad unpubl.) but the
relationship between Lhese quantities is not a simple one. Water color
depends on the concentrations of dissolved organics and chlorophyll as well
as suspended sediments. In particular, salinity vs. water color
relationships established for offshore areas would not be valid for areas
closer to the sources of sediments--river mouths and shallow areas where
bottom sediments are resuspended under wave action.

Our detection of frontal features is important to the overall study, as
fronts may be locations of zooplankton aggregation and potential feeding
sites for bowhead whales. During boat- or aircraft-based studies of whale
feeding, it will be desirable to provide an unambiguous means of detecting
fronts in near real-time. This capability would permit the required sampling
of zooplankton and observations of whales to k conducted in the presence of
fronts. In this way, the importance of fronts to bowhead whale distribution
could be assessed.
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Introduction

Marine zooplankters are the major food utilized by bowhead whales that
feed in the study area. Stomachs of bowheads taken during autumn near Barter
Island contain mainly copepods and euphausiids with only small contributions
of other zooplankters  (Lowry and Frost 1984). Information on these organisms
in the region is sparse. There have been some surveys of the species
composition and numerical abundances of the zooplankton community (e.g.
Homer 1981). However, before 1985 virtually no data were available on the
biomass of zooplankton within the study area or on the vertical and
horizontal distribution of zooplankton patches. In addition, patterns of
zooplankton distribution had not been examined in relation to physical
factors (e.g. temperature and salinity) that are known to affect zooplankton
in other areas. Also, few data were available on the caloric content of the
zooplankton in or near the study area in late summer or fall. All of these
data are important in evaluating the importance of the study area to bowhead
whales.

The primary objectives of the zooplankton and hydroacoustic portions of
the 1985 study were to provide data to fill these gaps by determining (1) the
broad-scale horizontal and vertical distribution patterns of zooplankton
biomass within the southern portion of the study area, (2) the caloric
content of the major species and groups of zooplankton that comprise the
diets of bowhead whales, viz. small and large copepods,  mysids, euphausiids,
etc., (3) the fine-scale ~aracteristics of zooplankton near concentrations
of feeding whales, and (4) physical’ and chemical characteristics of the water
masses (e.g. temperature , salinity and chlorophyll levels) that are believed
to affect zooplankton distribution and abundance in the study area. The 1985
work was planned as the first year of a 2-year study.

The 1985 field season was planned around a 25-d charter of a 13-m boat,
the ‘Annika Marie’. The intent was to conduct a broad-scale survey of
zooplankton in the southern part of the study area early in the field period
(prior to the arrival of many whales), and then to conduct fine-scale surveys
of zooplankton near concentrations of feeding whales. If time allowed,
additional broad-scale surveys were planned at the end of the field season.
A combination of quantitative hydroacoustic surveys plus net sampling was
planned during both broad- and fine-scale surveys.

It was expected that this approach might have to be modified in response
to the unpredictable vagaries of ice, weather, and whale distribution, and
that was indeed the case. Ice that had covered much of the study area until
late August moved offshore by early September, so broad-scale surveys of
zooplankton began on time. There were virtually no whales wit,hin the study
area in early and mid September, so fine-scale work near feeding whales was
not possible. Ice covered most of the study area after 17 September, and
boat-based work within the study area was not possible after 19 September.
Despite these problems, the 1985 broad-scale surveys provided much new

* W.B. Griffiths (LGL Ltd.), G.E. Johnson (BioSonics,  Inc.), and D.H. Thomson
(LGL Ltd.).
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information about the vertical and horizontal distribution of zooplankton
within the Eastern Alaskan Beaufort Sea, the patchiness of the zooplankton,
and its quantitative composition. Physical measurements from the boat as
well as from airborne and satellite sensors were also acquired (see lWater
Masses 1 section, above); these physical data will be useful in analyzing the
factors affecting zooplankton abundance. However, it was not possible to
Study the characteristics of the zooplankton near feeding whales, since
concentrations of feeding whales did not occur in the study area until late
September, when ice prevented boat-based work. The data that were acquired
have allowed us to estimate the characteristics of the food available to
bowhead whales over a large segment of the study area.

Materials and Methods

The stomachs of bowhead whales taken in our study area contained mainly
large (>2 mm length) marine zooplankters  like the herbivorous copepod Calanus
hyperboreus and the euphausiids Thysanoessa spp. (Lowry and Frost 1984).
These large organisms were selected as the focal points of the present
study. To facilitate their capture, we used a large mesh size (0.5 mm) on
both nets of the bongo frame that formed the main sampling gear.

ZoopZankton is known to occur in patches or bands of variable size
(e.g. 10s or 100s of meters). To determine the food available to bowhead
whales, it was necessary to estimate both the spatial extent of the patches
and the biomass available within and between patches. To accomplish this, we
conducted co-ordinated hydroacoustic  surveys along transect-s and net sampling
at specific stations along those transects. Hydroacoustic surveys with
quantitative high-frequency echosounders provided a way to determine the
relative biomass at each depth along various transects, and to reveal the
dimensions and locations of patches of concentrated zooplankton. Net
sampling provided a way to document the actual biomass of zooplankton at
selected locations inside and outside patches, and to obtain data on the
species composition, sizes, and caloric content of the zooplankters. One of
our goals was to develop a regression relationship that could be used to
convert relative biomass data from hydroacoustic surveys into absolute
biomass,

All boat-based sampling was conducted from the ‘Annika Marie’ in the
4-18 September 1985 period, Locations of sampling stations and of
hydroacoustic transects were determined using a Magnavox 4102 satellite
navigation system. We completed two SSW-NNE transects from shallow waters
out to the 250 m contour (Boat Transects 1 and 2), plus another transect out
to the 40 m contour (Boat Transect 4; Fig. 28). Arrival of ice in the study
area in mid September prevented further sampling. The following subsections
summarize field and laboratory methodologies and data analysis.

Net Sampling of Plankton

Net sampling was conducted at 12 stations along the three hydroacoustic
transects (stations 1-5 and 7-13; too much ice at station 6). Table 4 shows
the locations of the 12 sampling stations, and the types of samples collected
at each.
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Table 4. Summary of samples collected in the”Eastern Alaskan Beaufort Sea,
4-18 September 1985. CTD = conductivityltemperature  profile, S =
secchi disc, OB = oblique tow, HB = horizontal bongo tow, TT =
Tucker Trawl tow, WS = water sample.

Sample
Water

Depth Depth Times
Station Type (m) (m) Date ( ADT) Locationb

Transect 1 .

Station 1

Station 2

Station 3

Station 4

Station 5

Transect 2

Station 6

CTD
OB
HB
HB
TT

CTD
OB
HB

CTD
OB
HB
HB
HB
HB
HB
TT

CTD
OB
HB
HB

cm
OB
HB
HB
TT

cm
Ws
s

11.0
10.0
10.0
1.0
8.0

22.6
2500
14.0

30.3
35*O
25.0
22.0
8.0
15.0
0.5
8.0

85.1
80.0
5.0

30.0

54*1
50.0
55*O
5.0

40.0

9.0
9*O
4.0

13*O 04/09/85
04/09/85
04/09/85
04/09/85
04/09/85

28.0 05/09/85
05/09/85
05/09/85

45.0 05/09/85
05/09/85
05/09/85
05/09/85
05/09/85
05/09/85
05/09/85
05/09/85

125.0 06/09/85
06/09/85
06/09/85
06/09/85

80.0 06/09/85
06/09/85
06/09/85
06/09/85
06/09/85

10.0 09/09/85
09/09/85
09/09/85

1000
1112
1519
1600
1703

2024
1041
1105

1947
1422
1232
1302
1330
1348
1408
1448

1208
1229
1255
1314

1749
1655
1634
1617
1724

1836
1840
1834

70”09’N
7O”1O’N
70”09’N
70°10’N
7O”1O’N

70”13’N
70”13’N
70°13’N

70”16’N
70”16’N
70”17’N
70”17’N
70”17’N
70”16’N
70°16’N
70”16’N

70”34’N
70”34’N
70”34’N
70”35’N

70”33’N
70”33’N
70°33’N
70”33’N
70°33’N

143”37’W
143”35’W
143*34’W
143”33’W
143°35’w

143”29’W
143°29’W
143”29’W

143”25’W
143°26’W
143”24’W
143”24’W
143”26’W
143”26’W
143”26’W
143”26’W

143”07’W
143”06’W
143”05’W
143”04’W

143”06’W
143”06’W
143”05’W
143”06’W
143°05’w

70”03’N 142°45’w
70”03’N 142”45’W
70”03’N 142”45’W

ice cover too extensive to permit zooplankto”n  tows

a Time is Alaska daylight time and is the start time of each tow.
b positions given are those at the start of each tow.

. ../ cent’d
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Table 4. Continued.

Sample
Water

Depth Depth Timea

Station Type (m) (m) Date (ADT) Locationb

Transect 2 (Cent’d)

Station 7 CTD
Ws
s

OB
HB
HB

Station 8 CTD
Ws
s

OB
HB
HB
HB
TT

Station 9 cm
Ws
s

OB
HB
HB
HB
TT

Station 10 CTD
Ws
s

OB
HB
HB

Transect 4

Station 11 CTD
s

OB
HB
HB
HB
TT

24.0
2500
13.9
22.0
5.0
1600

42.0
40.0
10.5
39.0
18.0
12.0
6.0
6.0

50.0
50.0
8.8

50.0
19.0
32.0
9.0
7.0

170.0
175.0

8.1
100.0
90.0
18e0

1340
2.7

10.0
0.5
8*O

10.5
900

2500

42.0

56.0

185.0

1400

07/09/85
08/09/85
07/09/85
07/09/85
07/09/85
07/09/85

07/09/85
08/09/85
07/09/85
07/09/85
07/09/85
07/09/85
07/09/85
07/09/85

08/09/85
08/09/85
08/09/85
08/09/85
08/09/85
08/09/85
08/09/85
08/09/85

10/09/85
10/09/85
10/09/85
10/09/85
10/09/85
10/09/85

18/09/85
18/09/85
18/09/85
18/09/85
18/09/85
18/09/85
18/09/85

1334
0918
1330
1347
1406
1423

1712
1023
1710
1635
1541
1601
1617
1654

1325
1418
1322
1440
1455
1516
1536
1557

1205
1237
1203
1403
1441
1509

0924
0920
0935
0951
1007
1024
1046

70”07’N
70”07’N
70”07’N
70”07’N
70”07’N
70”07’N

70”11’N
70”11’N
70”11’N
70”11’N
70°12’N
70”11’N
70°11’N
70°11’N

70”20’N
70°20’N
70”20’N
70”20’N
70”20’N
70”21’N
70”21’N
70”21’N

70°31’N
70”31’N
70”31’N
70”31’N
70”30’N
70°30’N

69’428N

142”42’W
142”42’W
142°42’W
142”43’W
142°41’W
142”41’W

142”39’W
142”39’W
142”39’W
142”39’W
142”38’W
142”38’W
142”38’W
142”39’W

142°19’W
142°19’W
142”19’W
142°19’W
142°17’W
142”14’W
142°14’W
142”13’W

142”04’W
142”07’W
142°04’W
142”06’W
142”06’W
142”05’W

141°09’w
69”42’N 141”09’W
69”42’N 141”1O’W
69”42’N 141”1O’W
69°42’N 141°09’W
69”42’N 141”09’W
69”43’N 141”09’W -

a Time is Alaska daylight time and is the start time of each tow.
b Positions given are those at the start of each tow.

. . . /cent’d



Zooplankton and Hydroacoustics  70

Table 4. Concluded.

Sample
Water

Depth Depth Timea

Station Type (m) (m) Date (ADT) Locationb

Transect 4 (Cent’d)

Station 12 cm 2300 2500 18/09/85 1323 69”45’N 141”09’W
s 4.6 18/09/85 1320 69”45’N 141”09’W

OB 20.0 18/09/85 1309 69”46’N 141”09’W
HE 12.0 18/09/85 1224 69”46’N 141”07’W
HB 20.0 18/09/85 1238 69°46’N 141”1O’W
HB 5.0 18/09/85 1254 69”46’N 141”09’W
TT 11.0 18/09/85 1207 69”44’N 141”05’W

Station 13 cm 38.0 40.0 18/09/85 1523 69”53’N 140°55’J4
s 8e2 18/09/85 1520 69”53’N 140°55’w

OB 35.0 18/09/85 1527 69”53’N 140°55’W
HB 12.0 18/09/85 1542 69°54’N 140°56’W
HB 3 0 . 0 18/09/85 1600 69”54’N 140”56’W
HB 5.0 18/09/85 1618 69°53’N 140”52’W
TT 20.0 18/09/85 1638 69”53’N 140”52’W

b Time is Alaska daylight time and is the start time of each tow.
a Positions given are those at the start of each tow.
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Oblique Bongo TQWS. --Oblique zooplankton samples were collected using a
bongo frame fitted with two 0.61 m diameter plankton nets (mesh size 0.5 mm)
and-a flow meter (General Oceanics Inc., model 2030). The nets were towed at
approximately 1 m/s and sampled the water column during both descent and
ascent. This descent-ascent cycle was repeated three times in depths <15 m
and twice in depths 15-20 m in order to obtain a tow of sufficient duration
to compare with tows in deeper water. One oblique zooplankton sample was
collected at each of the 12 stations where ice conditions permitted. The
maximum target depth at each station was determined from the hydroacoustic
system to ensure that all zooplankton concentrations were included (Table
4). Actual maximum depth of oblique tows was computed from the wire angle
and amount of wire out. Depth of tow and water depth at each station are
shown in Table 4.

Horizontal Bongo Tows. --Horizontal zooplankton  samples were collected
using the bongo assembly, including the flowmeter described above. In
addition, an upward looking depth-sounder transducer (Apelco Ranger model
1650) was attached to the bongo frame to control sampling depth. The
transducer was connected to a deck unit that provided both a hard copy
printout and a digital readout from which the sampling depth could be
determined. Tows were made by lowering the net assembly to the desired depth
and towing at about 1 m/s for five minutes before retrieval. At least one
horizontal plankton sample was collected at each of the 12 stations. At
stations where bands of zooplankton were detected by the quantitative
echosounder, several tows were made at depths within and between the bands.
A total of 31 horizontal bongo tows were taken (Table 4).

It should be noted that the nets sampled some zooplankton during both
descent and ascent. The boat was in motion during the ascent and descent.
For a 30 m horizontal tow at 30 m depth, 75 to 80% of the total water volume
sampled was sampled at 30 m and the remainder during descent and ascent. A
greater proportion of the total water volume sampled occurred at the nominal
sampling depth during tows shallower than 30 m, and a lower proportion during
tows deeper than 30 m.

Tucker Trawl Tows.--To determine if large individuals of specific
zooplankton groups (i.e. euphausiids, hyperiid amphipods)  were sampled
adequately during horizontal bongo tQws , eight matched samples (i.e. taken at
the same location-depth combinations as bongo samples) were collected using a
modified Tucker Trawl. The trawl consisted of a stainless steel frame (2.0 x
2.0 m) supporting a 6.0 m tapering knotless nylon net (stretched mesh 6.4 mm)
dyed black to reduce the amount of reflected light. The use of this large
mesh, coupled with the length of the net, was expected to greatly reduce any
pressure wave that might otherwise precede the net. In addition, the trawl
was towed by a yoke attached to the top of the frame. The vertical
orientation of the net was maintained by suspending a weight from the bottom
of the frame. In this way the net could be towed without a bridle, further
reducing any pressure wave that might cause larger zooplankters to take
avoidance reactions. The trawl was equipped with a flow meter (General
Oceanics Inc., model 2030) and was towed horizontally at approximately 1 m/s
for 5 minutes at the depth where large organisms appeared to be concentrated -
according to the hydroacoustic  echograms. The Tucker Trawl, like the bongo
nets, sampled during descent and ascent as well as during the horizontal tow.
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On the boat, all plankton samples were preserved in
then shipped to the laboratory for analyses.
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10% formalin and

Calorimetry and Isotope Sampling. --To determine the caloric content of
the major groups of zooplankters  (e.g. hyperiid amphipods, euphausiids, large
and small copepods,  etc.) and to determine their carbon isotope composition
in the study area, the samples from one of the two nets of the bongo assembly
were placed in whirlpacs and frozen. These samples were sent to the
University of Alaska for analysis. Methods and results for the caloric
analyses are given in this section. The rationale, methods and results for
the isotope analyses are given in Appendix 2.

Hydroacoustic Sampling of Plankton

Hyciroacoustic  data were collected (1) during nearly
at the 12 zooplankton stations, and (2) as the boat
transect line between stations (Table 5). The
hydroacoustic system are illustrated in Figure 29. The

all zooplankton
traveled along
components of

tows
each
the

system included two
side by side downward facing transducers ‘(120 kHz, IJniv~ of Wash. Applied
Physics Lab; 200 kHz, BioSonics)  mounted in a V-fin (BioSonics Model 135).
The V-fin was towed from the side of the boat, away from the wake, using
armoured cable. The V-fin was towed approximately 1 m below the surface at
about 8.0 km/h (2.2 m/s) during surveys between stations and at about 3.6
km/h (1 m/s) during zooplankton tows. Vertical movements of the V-fin, due
to wave action, were minimized by using a bungy-cord  absorption apparatus
attached to the armoured cable.

Results from the two echosounder frequencies were expected to be
complement ary. The 120 kHz echosounder was expected to detect primarily the
larger zooplankters. The 200 kHz echosounder was expected to detect
medium-sized as well as large zooplankters  in the upper part of the water
column, but to have a reduced maximum depth capability relative to the 120
kHz system. The 200 kHz system receives a stronger return from medium-sized
plankton (e.g. copepods) because of its shorter wavelength. However, its
depth capability is reduced because the higher the frequency, the greater the
rate of sound absorption in seawater. In practice, both echosounders were
capable of sampling depths as great as 100 m.

When triggered by the 120 kHz echosounder, the 120 and 200 kHz trans-
ducers simultaneously transmitted sound pulses into the water column. The
returning echoes were amplified (2O log Range) by the two BioSonics Model 101
echosounders and sent to two individual chart recorders (BioSonics Model
115), the oscilloscope (Hitachi Model V222), and the recording system. The
120 kHz data were also sent to the echo integrator (BioSonics Model 121).
The chart recorders produced permanent hardcopy echograms; the signal
threshold circuit in each chart recorder was adjusted to eliminate signals
less than 100 mV. The oscilloscope was used to monitor echo voltages output
from the echosounders. The recording system digitized and encoded the
signals on video tape. The recording system consisted of a recorder
interface, BioSonics  Model 171; a digital processor, Sony Model PCM-F1;  video

“ cassette recorder, Sony Model SL-HF-300;  and a multimeter, Fluke Model 27. .
During playback, the recorder interface was used to adjust the voltage from
the recorder system to equal the calibration reference voltage. The echo
integrator was used to obtain real-time data on relative biomass at various
depths and times (= locations). Acoustic data recorded on the VCR were
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Table 5. Sumnaryof continuous hydroacoustic  surveys, surface tevratures  and conductivities  recorded
in the Eastern Alaskan Eeaufort  Sea, 4-18 Septemker  1985. titers  in parentheses are
corrected salinities in ppt (see ‘Water Masses’ sect ion for description of calibration ard
correction procedure ).

Water Gmductitity
Transect From Stat ion ma Eepth Temp micromhcs/cm
Number to Station (m) Eate Imat ion (m) (“C) @ 25°C x 1(XXI

1 Sta. 1 - Sta. 2

1 Sta. 2 - Sta. 3

1 Sta. 3 - Sta. 5

1 Sta.4 -Endof
Transect

2 Sta. 6 - Sta. 7

2 Sta. 7 - Sta. 8

0935
0950
1005
1020

1139
11%
1209
1224

1526
1541
1556
1611
1626
1641
1656
1711
1726
1741
1O(I3
1024
1039
1054
1109
1124
1139
1154

1334
1349
1404

1226
1241
1256
1311

1440
1455
1510
1525

05/09/85

05/09/85

05/G9/85

06/09/85

06/09/85

07/09/85

07/09/85

70°10’ N

70°12’N
70”13’N

70°13 ‘ N
70°14 ‘N
70°15 ‘N
70° 17’N

70°17’ N
70°18’ N
70°19’ N
70 °19’N
70°20’N
70 °21’N
70”22’N
70°24 ‘N
70°24’N
70”25’N
70°26’ N
70°26 ‘N
70”28’N
70°28 ‘N
70°29’ N
70 °30’N
70”32’N
70°33’N

70°35 ‘N
70”36’N
70°36 ‘N

70°04’ N
70”05’N
70°06’ N
70°07 ‘N

70°07 ‘N
70°(13’N
70”09’N
70°11’N

143”37’W

143”33’W
143°31’w

143”29’W
143”27’W
143”25’W
143”23’W

143”23’W
143°22’W
143”21’W
143°17’w
143” 15’N
143”14’W
143”13’W
143°11’w
143”14’W
143°16 ‘ W
143”17’W
143”18’W
143”17’W
143°15’ w
143”11’W
143”1O’W
143”07’W
143°c!6’w

143”04’W
143°03’w
143”01’W

142”46’W
142°44’W
142”42’W
142”41’W

142”42’W
142”39’W
142°2fl’W
142”39’W

10.1
16.0
18.0
28.0

20.0
33.0
37.0
45.0

45.0
45.0
42 ● O
46.0
50.0
51.0
55.0
56.0
48.0
50.0
52e0
52.0
54.0
57.0
57 ● o
58.0
57.0
PO*O

18000
235-0
270.0

12.0
17.0
23.0
28 ● o

28.0
25.0
33.0
37.0

0.4
-0.1
0.2
0.1

0.8
0.4
0.5
0.8

1.1
0.8
1.4
1.7
1.7
1.7
1.9
2.0
2.2
2.3
1.7
1.6
1.8
2.0
2.2
2.1
2.4
2.4

2.6
2.6
2.7

+3.2
-0.4
0.0
0.6

1.3
1.1
1.0
0.8

45.0
48.2
47.4
46.9

46.4
46.3
47.2
46.9

46.7
46.5
45.8
43.4
42.6
42.2
41.2
41.2
41.0
40.6
41.7
42.2
40.8
40.5
40.5
39.4
40.2
39.8

40.1
40.3
39*9

48.5
48.8
48.8
47.7

48.0
47.5
47.4
47.7

(27.4)
(29.7)
(29.1)
(28.7)

(28.4)
(28.3)
(28.9)
(28.7)

(28.6)
(28.5)
(28.0)
(26.3)
(25.7)
(25.4)
(24.7)
(24.7)
(24.6)
(24.3)
(25.1)
(25*4)
(24.4)
(24.2)
(24.2)
(23.4)
(24.0)
(23.8)

(23.9)
(24.1)
(23.2)

(29.9)
(30.1)
(30.1)
(29.3)

(29.5)
(29.2)
(29.1) -
(29.3)

a T5nE is A.lash daylight tire.
@ntinued.  . .
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Table5. @vih@d.

Water tlmductivity
Transect Fran Station mea Eepth ‘bllp micrcmhos/an
Nimker to Station (m) Eate Location (m) (“C) @ 25°C X 1(130

2 Sta. 8 - Sta. 9 1043
1058
1115
1128
1143
1158
1213
1228
1243
1258

CB/09/85 70”12’N
70”12’N
70”13’N
70”13’N
70”14’N
70°15’N
70°16 ‘N
70°17’N
70°18 ‘N
70”19’N

142”39’W
142°37’W
142”35’W
142*32’W
142°29’W
142°27’W
142°25’W
142”25’W
142”23’W
142”21’W

40.0
44.0
43.0
43.0
44.0
45.0
49.0
50.0
51.0
55*O

1.5
1.3
1.2
1.2
1.3
1.4
1.6
1.6
1.9
2*1

46.3
46.0
46.8
46.6
46.8
46.7
46.2
45*9
44.7
42.8

(28.3)
(28.1)
(28.7)
(28.5)
(28.7)
(28.6)
(28.2)
(28.0)
(27.2)
(25.8)

2 Sta. 9-Sta. 10 1614
1629
1644
1659

08/09/85 70°21’N 142”13’W
70”22’N 142°13’W
70”24’N 142°11’W
70°25’N I42”1O’W

59.0
62.0
62.0
61.0

(26.6)
(26.3)
(26.8)
(25.7)

2.1
1.8
0.9
1.0

43.9
43.5
44.1
42.6

1714
1125
1140
1155

70”26’N 142”1O’W
10/09/85 70”26’N 142”12’W

70°29’N 142”06’W
70°31’N 142”05’W

(25.1)
(24.4)
(24.3)
(23.2)

58.0
72.0
8000
163~0

1.1
1.8
1.4
1.6

41.7
40.8
40.6
39.0

2 Sta. 10-Erd of 1525
Transect 1530

10/09/85 70”30’N 142”03’W
70”31’N 142”03’W

180.0
250.0

1.8 38.6 (22.9)

4 Stao 11-Sta. 12 1130
1145
1200

18/09/85 69”42’N 141°10’W
69”43’N 141°07’W
69”44’N 141 °04’W

14.0
20.0
25.0

-0.4
-004
-0*4

45.2
45*3
45.1

(27.5)
(27.6)
(2705)

4 Stao 12-Stae 13 1330
1345
1400
1415
14W
1445
15m
1515

18/09/85 69”46’N
69*46’N
69°46’N
69”48’N
69”49’N
69°50’N
69°52’N
69°53’N

141°09’w
141°07’w
141”02’W
140°59 ‘w
140°58 ‘w
140”55’W
140°54’w
140°55’w

28.0
28.0
29.0
31.0
34.0
36.0
37*O
40.0

-0.3
-0.3
-0.2
-0.2
-0.1
O*O
0.0
0.0

45.7
45.1
4400
44.6
44.2
43.9
44.1
44.0

(27.9)
(27.5)
(26.7)
(27.1)
(26.8)
(26.6)
(26.8)
(26.7)

a 
TY3rE is Alaska daylight time.
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re-analyzed through the integrator in the laboratory after
these were the primary acoustic data used in the study.
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the field season;

The echosounder/transducer  system for each of the two frequencies was
calibrated before the study by measuring the source levels for various
transmitted power levels, and the receiving sensitivities.

Temperature and Salinity

Profiles. --Continuous temperature and salinity profiles from surface to
bottom were measured at each zooplankton station using an Applied
Microsystems CTD-12. The data were recorded on a self-contained tape
recording unit. The tape was returned to Arctic Sciences Ltd. for analysis
(see ‘Water Masses’ section, above).

Continuous Surface Measurements. --During surveys between stations,
near-surface temperature (* ().2°C), conductivity (t 2.0 millimhos/cm)  and
water depth measurements were taken every 15 minutes (Table 5). Temperature
and conductivity values were obtained with a I-lydrolab  System 4000 from
surface water samples. Conductivity readings were converted to salinity
values by Arctic Sciences Ltd. (see ‘Water Masses’ section, above). In
addition, 18 surface water samples for direct salinity determinations were
collected during the surveys. Depth was determined by direct readout from
the hydroacoustic system.

Water and Chlorophyll Sampling

Hydro Casts.--At each of the five stations on Transect 2, water samples
for nutrient analyses were collected at 5 m intervals from the surface to a
depth of 20 m; at 10 m intervals at depths of 20 to 50 m; and at additional
depths of 100, 150 and 175 m at the deepest station. All nutrient samples
were filtered, preserved with three drops of 2% HgC12, and stored
unfrozen. Usable chlorophyll samples could not be taken.

Continuous Surface Chlorophyll. --An aliquot of the surface water sample
collected every 15 minutes was read on a fluorometer  in order to estimate its
chlorophyll content. Chlorophyll samples that were collected in order to
calibrate the instrument were not usable; instead we used a calibration
relationship developed for this specific instrument by R. Homer of the
University of Alaska.

Laboratory Analysis

Zooplankton. --Samples were sieved through a 0.25 mm mesh nylon screen,
washed with water$ and examined under a low-power binocular microscope.
Individual organisms were identified to species where possible, counted and
wet-weighed by species to the nearest mg using a Mettler PT 200 electronic
balance. If large numbers of individuals were present, the sample was first
scanned for large or rare organisms, and was then sub-sampled with a Folsom
Plankton Splitter, following the methods of McEwen et al. (1954). In
practice, copepods were the only group for which subsampling was necessary.

Copepods in the subsample from the plankton splitter were counted and
weighed to the nearest mg and identified to species and life-stage. The
subsample data were then applied to the whole sample to estimate total
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numbers and wet weights for each species and life-stage of copepods in the
sample. In addition, cephalothorax lengths of approximately 10-20 undamaged
individuals of each species and life-stage, if available, were measured to
the nearest mm and weighed to the nearest mg.

Wet- eight
Y

data from oblique tows were used to calculate the
biomass/m for zooplankton in the water column as a whole. Data from
horizontal tows were used to calculate wet-weight biomass at particular
depths where the echosounder did and did not detect concentrations of
zooplankton. For each sample, the flowmeter reading was used to calculate
the volume of water filtered. This information, in conjunction with the
weight of the sample, was used to determine the total biomass in mg/m3.

During ‘horizontal’ tows , the bongo nets sampled during descent and
ascent as well as at the nominal sampling depth. Because biomass was much
higher in layers of concentrated zooplankton than outside layers, this would
lead to an underrepresentation of biomass for tows within layers. The
underestimation would be by about 10% for” a typical tow at 30 m nominal
depth; about 20% of the volume sampled in such a case was above the layer,
where biomass averaged approximately 50% lower. The underestimation would be
less severe for tows in zooplankton layers at depths <30 m, and perhaps more
severe for tows at >30 m. Results from tows outside zooplankton bands in
shallow water (0-10 m) would be an accurate representation of actual biomass
because the net spent little time on descent and ascent, and the net would
not have passed through a layer of concentrated zooplankton at these shallow
depths. Deeper tows outside bands probably overrepresent biomass because
they would probably have passed through a layer of concentrated zooplankton
above the nominal depth.

For the major groups of large organisms (e.g. amphipods, euphausiids,
mysids, fish larvae, etc.), all individuals taken in Tucker trawls and
associated bongo net tows were counted, and those in good condition were
measured to the nearest mm. Results from the two types of nets were then
compared to determine if the two gear types collected similar numbers and
sizes of individuals. Because of the large mesh size of the Tucker trawl
(6.4 mm), only the larger species and size classes were considered in this
comparison.

Calorimetric Determinations. --Zooplankton samples were frozen in the
field and returned to the Institute of Marine Science, University of Alaska,
for analysis. Samples were allowed to thaw and the major components (e.g.
copepods, amphipods, euphausiids, etc. ) were immediately separated for
analysis. Copepods were further separated into large and small specimens by
filtering them through a series of mesh screens. Those retained on the 1.8
mm mesh were placed in the large category and those retained on the 0.5
mm mesh were designated as small copepods.

Since freezing and thawing can cause cell lysis and a consequent loss of
body fluid, care was used to select turgid and minimally damaged individuals
when possible. Samples were allowed to drain through a fine sieve, but were
not rinsed with freshwater in order to prevent- further l.ss of body .
contents. Samples were then dried to a constant weight and individually
ground to a powder in a Braun coffee mill.
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Caloric content was determined with a parr adiabatic bomb calorimeter
using samples of 0,3 to 1.0 grams. Since some tows did not contain
sufficient numbers of particular organisms to provide sufficient weight for
analysis, samples from adjacent stations were pooled. Results are reported
as calories per gram dry weight (one calorie = 4.18 Joules).

Ash content of zooplankton samples was obtained by weighing a subsample
onto a platinum pan and combusting  slowly in a covered porcelain crucible,
raising the temperature slowly to 600°C over three hours. Temperature was
maintained for one hour. The samples were then allowed to cool slowly to
room temperature before they were removed from the furnace and reweighed.

Data Processing and Analysis

Hydroacoustic  Data.--Hydroacoustic  data used in the analyses were
obtained by reproducing the exact voltages recorded on VCR tape during data
collection and processing them with the echo integrator. Echo integration is
a process whereby the signal received by the echosounder from selected depth
intervals is squared and averaged over selected time periods. This process
is based on the principle that received echo intensity is proportional to
the product of target density and backscattering cross section. (Forbes and
Nakken 1972; Burczynski 1979). During this study, the system did not process
signals below a 50 mV threshold level set by the operator; this was slightly
greater than measured background noise level. Integrator depth strata were 2
m thick for depths between 4 and 52 m, and 10 m thick between 52 and 102 m.
A measure proportional to average zooplankton  biomass within a stratum of
specific thickness was obta%ned by averaging the corresponding squared
voltage out of the echosounder for every 2-rein period.

Volume scattering (VS), the primary data for the study, equals the
product of the mean squared voltage and a constant A:

Vs = (A) (mean v2)

The volume scattering data are, ideallyp  directly proportional to zooplankton
biomass.

A = (~T c rJbSpo2 g2 b2(av) )-1

where T = 3.14
r = pulse width (s)
c = speed of sound in water (m/s)

‘bs = mean backscattering cross sectional area of a zooplankter
(m2)

~2

~~
= transmit pressure level at 1 m from transducer (pPa)
= the fixed through system gain (V/~Pa)

b2(a~) = mean squared beam pattern weighting factor (dimensionless)

Mean backscattering cross section (sigma) of zooplankton during the study was
unknown and was set equal to one. During most of this study, the A constants
with sigma set equal to one were 2.084 x 1o-6 for the 120 kHz data, and 1.176 -
x 10-6 for 200 kHz. After scaling by these A-constants, data for the 120 and
200 kHz systems were directly comparable.
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Since the backscattering. cross section per unit biomass or per unit
individual was unknown for this study, the volume scattering data represent
only relative biomass or numbers, respectively. To convert to an estimate of
absolute biomass, a regression relationship between volume scattering and
biomass/m3 was determined from the results of horizontal bongo tows conducted
simultaneously with echosounding (see later).

Zooplankton Data. --Results from the laboratory analyses of zooplankton
samples Were entered int~ an IBM PC-AT microcomputer and standardized to
number/mJ and biomass/mJ.
computer using BMOP and Lotus

The results presented

These data were analyzed on the PC-AT
1-2-3 software.

Results

below are based on the zooplankton samples,
acoustic sampling, and physical and chemical measurements taken during the
1985 field season.

Validation of Sampling Methods

Net Tows. --To assess whether large and fast swimming zooplankters such
as large amphipods and euphausiids were undersampled in bongo net tows ,
additional samples were collected using a modified Tucker trawl. This large-
mesh trawl was designed to be towed without a bridle, to minimize the
avoidance reactions of macrozooplankton. The Tucker trawl has been shown to
be an effective sampler of large zooplankton and small fish (Sameoto and
Jaroszynski  1976). However, it should b noted that all types of zooplankton
sampling gear have inherent biases
densities present.

, and all probably underestimate the actual
Overall densities of animals collected with the bongo and

Tucker trawl are not comparable because the mesh opening in the Tucker trawl
is about 13 times larger than that of the bongo net (6.4 mm VS. ().5 mm).
Thus , small animals are not expected to be collected by the Tucker trawl.
Instead, samples taken by the two nets were compared to determine whether
larger animals were collected by the Tucker trawl, and to determine the
apparent densities of large animals as determined by the two gear types.

At each of eight stations a Tucker trawl sample and a bongo net tow were
collected from within the same zooplankton layer evident on the
echosounders. The depths at which the paired samples were taken did not
always coincide exactly, since they could not be taken simultaneously.
Intervals ketween the two samples were 0.3 to 1.7 h (Table 4), and the depth
of the targeted zooplankton band sometimes shifted slightly during this
interval. We attempted to obtain both samples at corresponding positions in
the band rather than at exactly corresponding depths.

The length-frequency distributions of the numerically dominant groups of
amphipods, euphausiids, mysids and fish larvae from the paired Tucker trawls
and bongo
individua~s~~t ‘amples are ‘ho- in Figure 300

The mean numbers of
as estimated by the two samplers are presented in Table 6,

averaging over all eight stations with paired samples.

In the case of Parathemisto  amphipods, the length-frequency data from
the two sampling methods differed. Samples from the bongo nets showed a
bimodal distribution, while Tucker trawl samples were unimodal (Fig. 30).
As expected, the bongo net was much more effective in sampling small
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Figure 30. Length-frequency comparisons of selected zooplankton groups
collected in bongo net and Tucker trawl tows in the Eastern
Alaskan Beaufort Sea, September 1985.
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individuals (<6 mm). However, considering only the
lengt , the modal size was 15 mm for each sampler (Fig.

9no. /m , the bongo net samples were large r for
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individuals >5 mm in
30). On the basis of
al 1 length-intervals

measured (Table 6). Thus , the bongo net was more effective than the Tucker
trawl in sampling large as well as small Parathemisto amphipods. The sizes
of the largest individuals collected in the bongo and Tucker net samples were
similar to sizes of the largest Hyperiid amphipods (8-21 mm) found in the
stomach contents of bowhead whales in the Beaufort Sea (Lowry and Frost
1984).

A somewhat similar pattern was evident for the Onisimus and Apherusa
amphipods. Small individuals were caught only in the bongo net. The modal
size of large individuals (those >5 mm) was similar in ea~h type of sample:
6-9 mm for Onisimus and 7-10 mm for Apherusa (Fig. 30). As was the case with
Parathemisto, the bongo net was more effective than the Tucker trawl in
capturing large as well as small individuals of these two groups on a no./m3
basis (Table 6).

For mysids, the length-frequency data from both nets were bimodal. The
modes corresponded to the dominant first and second year-classes (cf.
Griffiths and Dillinger 1981). The modal sizes for each of the year-clas~s
were similar in samples from the two types of net (i.e. 1st year, 11 mm vs.
12 mm; 2nd year, 20 mm for both nets). Lowry and Frost (1984) reported that
mysids found in bowhead stomachs were 23-33 mm in length, which was somewhat
larger than the second-year individua s (18-26 mm) collected in the study

4
area in 1985. On the basis of no./m , the bongo net was a more efficient
sampler than the Tucker trawl (Table 6).

In the case of Thysanoessa euphausiids, a unimodal length-frequency
pattern was evident in samples from both nets (Table 6; Fig. 30). The size
range for euphausiids found in bowhead stomachs in the Beaufort Sea was 18-30
mm (Lowry and Frost 1984), which was somewhat larger than the 11-2.5 mm size
range for this study and that reported for T. inermis in the Arctic Basin
(Geiger et al. 1958) . The modal size coll~cted by each net was 15 mm.
However, the no./m data for all size classes were higher for bongo net
samples than for Tucker trawl tows (Table 6). This suggested that the bongo
net was more efficient than was the Tucker trawl in collecting euphaus.iids.

Similarly, the two gear types caught similar sizes of fish larvae. The
modal lengths of Liparid larvae were very close for the two nets (i.e. 2(I mm
for bongos vs. 19 mm for Tucker trawls). For Gadid larvae, there was no
distinct modal size in either type of sample”
of sizes (Fig. 30). For both taxa, the’ ~’~}m$et sampled a wide rangevalues for most size
classes were higher from bongo tows than from the Tucker trawls.

In summary, the results suggested that both bongo nets and Tucker trawls
collected a wide range of sizes of all the major groups of macrozooplankton
and that the bongo net was more efficient than the Tucker trawl in capturing
large individuals on a per unit volume basis. It is important to emphasize
that all size classes captured in the Tucker trawl were represented in the
bongo net samples (Fig. 30). This suggests that the largest size groups of
amphipods, mysids and euphausiids present in the study area are represented
in the bongo samples. The lower estimated densities from the Tucker trawl,
even for animals >6 mm long, may have been an artefact of the large mesh size
(6.4 mm). Animals considerably longer than 6.4 mm could still pass through
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the mesh if they were elongated in shape, as are all of the taxa considered
above. Whatever the explanation, the bongo net was a more efficient sampler
of all sizes of zooplankton than was the Tucker trawl. Results from the
Tucker trawl do not
animals that might
recognized that the
zooplankton  density
evidence of this.

indicate the need for any correction factor for large
be undersampled by bongo nets. However, it must be
bongo results may still be underestimates of actual

and biomass, even though the Tucker trawls provided no

Hydroacoustic Sampling. --Hydroacoustic  sampling results can be affected
by background noise contamination. In the present study, noise contamination
was a problem in the 120 kHz system at depths greater than 45 m.
Consequently, 120 kHz data from depths >45 m were not used in any of the
analyses. Noise on the 200 kHz system was not a problem.

The V-fin carrying the transducer was towed approximately 1 m below the
surface and this, coupled with turbulence in the surface waters, prevented
any meaningful acoustic results from being obtained in the top 2-3 m of the
water column. There were also problems associated with acoustic return from
pycnoclines and suspended particulate. After excluding data from such
situations, there was a strong correlation between acoustic return
biomass in net tows taken at the same locations and depths. These topics
dealt with in more detail in ‘Distribution of Acoustic Biomass’ section.

Group and Species Composition of Zooplankton  vs. Water Masses and Depth

Several studies have demonstrated a clear relationship between

and
are

the
composition of arctic zooplankton and physical conditions, notably
temperature and salinity (Johnson 1956, 1958, 1963; Grainger 1965, 1975;
Hopkins 1969). Grainger (1965) described several major communities of
zooplankton in the Beaufort Sea and adjacent marine waters. One community is
characteristic of inshore waters and the upper 100 m of offshore waters. The
groups and species that constitute this community are typically tolerant of a
wide range of temperatures (-1° to about 5-10”C) and salinities (20-30 O/OO)
and include the hydrozoans Aglantha di~itale and Ae~innnsis Iallrentii. the
pteropod Spiratella (= Limacina) heli
the copepods Cal

—.—-——-  —..— ._—o—..-r——— —-—- --.-—— , - ..-
Lcina, the ctenophore Beroe cucumis, and

Fnus glacialis, C. hyperboreus, Nlicrocalanus pygmaeus,
Pseudocalanus mi.nutus, Metridia l~ga and oithona similis. A second
community is characteristic of nearshore brackish waters along the coastlines
of the Beaufort and Chukchi seas and includes the hydrozoans Obelia sp. and
Euphysa flammea, and the copepods Eurytemora herdmani, Acartia clausi, and
Limnoc~lanus macrurus. These species are typically found in waters of
relatively high temperatures (1-12°C) and low salinities (8-25 O/oo),
characteristic of nearshore brackish waters during the open water season.

Temperature-salinity (T/S) data from CTD profiles and surface recordings
were used to delineate major water masses in the Eastern Alaskan Beaufort Sea
during the present study (see ‘Water Masses’ section for details). Stations
along Transects 1 and 2 were grouped by temperature-salinity characteristics
into three separate water masses: nearshore (Station 1); inner shelf
(Stations 2, 3, 6, 7 and 8); outer shelf (Stations 4, 5, 9 and 10). Water
mass characteristics were different for Transect 4. Stations on Transect 4
were sampled after an extended period of strong northwesterly winds. A brief
description of the four water masses follows:
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Outer Shelf: Stations in this water mass were characterized by a
relatively thick (5 to 7 m) layer of water with Mackenzie Bay T/S patterns (T
= 1.5 to 2.5”C; S = 23 to 26 O/OO). Below this layer salinity increased and
temperature decreased with depth; this water was apparently a mixture of the
overlying Mackenzie Bay water with Cold Halocline Water (CHW; see ‘Water
Masses * section).

Inner Shelf: Stations over the inner continental shelf were
characterized by reduced influence of the Mackenzie Bay water. The surface
layer was lower in temperature, higher in salinity and generally thinner than
at the outer shelf locations. Below the pycnocline the T/S characteristics
were indicative of a mixture of the surface layer and the underlying Arctic
Surface Water (see ‘Water Masses’ section).

Nearshore: Only Station 1 was located in this water mass. Temperatures
and salinities were nearly uniform from surface to bottom and the temperature
was 1*C greater (i.e. 0.15°C) than expected given the salinity of 31 O/oo.

Transect 4: The water column along this easternmost transect was well
mixed, as indicated by the thicker surface layer (8 to 10 m) and the uniform
T/S characteristics. The deeper water appeared to be more strongly
influenced by CHW at Station 11 than at Station 13, where the T/S
characteristics were indicative of Arctic Surface Water (see ‘Water Masses’
section).

In the following analyses, zooplankton data for Transects 1 and 2 have
been combined and are presented in relation to the three water masses
described above (i.e. nearshore, inner shelf and outer shelf). The results
for Transect 4 are presented separately because of differences in time,
weather, location and T/S characteristics between this and the other two
transects. Within each water mass, the major groups and species of
zooplankton are described for four situations: (1) The water column as a
whole, (2) above the pycnocline, (3) below the pycnocline within a distinct
zooplankton band, and (4) below the pycnocline where no distinct zooplankton
layer was observed. Data concerning the major groups and species of
zooplankton in these four situations are presented in Appendix 3, and are
summarized in Figures 31 (groups) and 32 (major species).

Nearshore--- Only one station (i.e. Station 1 on Transect 1) was located
within the nearshore water mass; consequently, results should be treated with
some caution. At Station 1 temperatures and salinities were uniform
throughout the water column (T = 0.15°C; S = 31 O/oo).

In the water column as a whole, four major groups wer~ the main
contributors to the total zooplankton biomass of 486.5 ~g/m : copepods
(403.6 mg/~3), hydrozoans and ctenop

9
res (25.4 mg/m ), euphausiids

(21.3 mg/m ), and mysids (17.7 mg/m ; Fig. 31). Copepods” w re
represented by four major s ecies: Limnocalanus macrurus

9
3

(195.3 g/m ),
Derjuginia tolli (100 3mg/m ), Calanus Yhyperboreus (83.4 mg/m ) and
C. glacialis (11.8 mg/m ; Fig. 32). The other three major groups were
~ach3 dominated by one or two species--mysids by Mysis
mg/m ), euphausiids by Thysanoessa (19 8 li;~#~, ‘1707 .raschii and
hydr zoans by Aglantha digitale and Halitholus cirrat~s

9
(10.4 and 11.9

mg/m , respectively; Fig. 32).
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Group composition, species composition and biomass differed
substantially with depth, even though temperatures and salinities were
uniform. Zooplankton biomass was lower in surface waters (1.0 m depth) than
at 10 m depth (130.6 vs. 463.4 mg/m3). Only copepods, represented by L.
macrurus (82.9 mg/m3), C. hyperboreus (19.8 mg/m3) and C. glacial~s
~m3) were major co~ributors  to surface zooplankton bio~ass (Fig. 31
and 32)

coPepod~  ( 3~4~~inmg~~~) ‘~e~enct ‘“oPlankton

layer sampled at 10 m depth,
the major contributors to total zoopl$nkton

biomass. The may species present ‘were C. h perboreus  (148.4 mg/mJ), ~.

*,
~.(83.6 mg/m ), ~. macrurus (66.4 =gm ) glacialis (42.7

. However, at this depth several species from–a variety of major
groups were3significant contributors to the biomass: eu~hausiids  (T. raschii,
55.8 mg/m ), cten phores (M.

9
ovum, 22.9 mg/m ), hydro~oans (A.

digitale, 9.6 mg/m ), mysids– (M. 7.2 mg/m3)
—

litoralis, and chaeto-
gnaths (Sagitta elegans, 7.2 mg/m3;–Fig.  31 and 32).

The reasons for these depth-related differences in zooplankton biomass
and composition at the nearshore stations were not clear, since temperatures
and salinities were similar at all depths. Copepods were the major
component of the zooplankton community throughout the nearshore water mass.
This was consistent with previous findings in and near the study area. Most
studies of arctic zooplankton have shown copepods to be the dominant group
both in terms of number (Johnson 1956; Grainger 1965; Hopkins 1969; Grainger
and Grohe 1975; tlorner 1979, 1981) and biomass (Hopkins 1969; Sekerak et al.
1976a, 1979; Griffiths and Buchanan 1982). However, hydromedusae,
chaetognaths and pteropods have occasionally been found to be dominant at
specific stations or depths. For example, Griffiths and Buchanan (1982)
found hydrozoans and ctenophores to be the dominant groups at a number of
stations off the Mackenzie River delta during 1980-81.

Two of the main species of copepods that we found at the nearshore
station, L. macrurus and D. tolli , have typically been reported from—
nearshore brackish water. I; the present study, they were most abundant in
the shallow nearshore areas. A similar distribution pattern was evident for
mysids and euphausiids, whose biomasses  were also greatest in the nearshore
shallow water (Fig. 31).

Inner Shelf. --Four stations (2, 3, 7 and 8; depth range 25 to 45 m) were
sampled within this water mass. Surface waters (approximately O to 5 m) were
cool (<l.O°C)  with reduced salinities (27 to 30 O/oo) as compared with waters
below the pycnocline (-1.O”C; >30 O/oo; see ‘Water Masses’ section).

In the water column as a whole, total zooplankton biomass (208.9
mg/m3 ) was dominated by three groups: copepods (158.0

3
mg/m3 ,

hydrozoans and ctenophores (27.8 mg/m3), and chaetognaths (7.2 mg/m ;
Fig. 31). Three species contributed most of the copepod bi~mass: C.
hyperboreus (103.1 mg/m3) , c. glacialis (37.8 mg/m ), a~d
L. macrurus (9.6 mg/m3). Most of— the L. macrurus biomass in this water
=ass was located at the two shallowest sta~ions (i.e. Station 2 on Transect 1
and Station 7 on Transect 2). Most other major groups were represented by
single : hydrozoans by ~. digitale (14.7 mg/m3), ctenophores by
M. ovu~pe~~~; mg/m3), and chaetognaths by S. elegans (6.3 mg/m3;
;ig. 31 and 32).
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Figure 31. Biomass (mg/m3) of major zooplankton groups vs. water masses and
depth, Eastern Alaskan Beaufort Sea, September 1985. For each

situation, n is the number of zooplankton tows considered and Z
is” average biomass of all taxa in mg/m3.
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Inner Shelf

n=3

n=n n.mm, 1 ,

01.1

L

Biomass (mg/m3) of major zooplankton species vs. water masses and
depth, Eastern Alaskan Beaufort Sea, September 1985. For each
situation, n is the number of zooplankton tows considered.
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Total zooplankton biomass above the pycnocline wa
The dominant groups t ere were copepods (17 7 ~ m~)~ow ‘45*9 mg/m3)

●

9 ~
hydrozoans

:;e~oP~~~~~ ~i~ :f~m ), chaetognayhs (4.1. “ mg/m ) ~nd f i~h lar~~
. t e copepod

biomass: L: macrur~ “ (10 ~}r~g/#’~~le~. c~~~~~~~~~~s ‘~~~6 O~g/m ) and C.
glacialis ‘(3.2 mg/m ). The other ma~or groups wer ~ dominated by singie
species: fish larva? by Boreogadus saida (4.7 rng/m ), hydrozoans by $.
digitale (4.9 mg/m ) , and chaetogna~hs by S. elegans (4.1 mg/m ;
Fig. 31 and 32).

—

Within distinct zooplankton bands below the pycnocline, biomass varied
widely, with an average 13 times the average above the pycnocline  (549.0;
range 170.6 - 1098.7 mg/m ). Copepods were the major contributors to the
zooplankton biomass within all layers that3we sampled (Fig. 31). The m in

3
species were c. hyperboreus (380.4 .yg/m ), c- glacialis (81.1 mg/m ),
and Euchaeta ‘glacialis (10.1 mg/m ; Fig. ’32) . Other significant
constituents of total zooplankton biomass within the3 bands below the
pycnocline were th~ hydrozoan  A. digitale (14.5 mg/m ), the ctenoph re
M. 9

ovum (8.5 mg/m ), the amph~pod P#rathemisto libellula (8.7 mg/m ),
The ~e ognath S.

5
elegans (7.9 mg/mJ), and the euphausiid ~. raschii

(4.Omg/m ; Fig. 37 and 32).

The composition of zooplankton biomass at depths where no distinctive
layers were detected by the echosounder was similar to that found within
distinct bands (Figs. 31 and 32). Average biomass was lower, although not
dramatically so, in the absence than in the presence of distinct zooplankton
layers (280.0 vs. 549.0 mg/m3). However$ in the cases of individual
species no consistent pattern was observed (Fig. 32). For example, average
~. hyperboreus

2
iomass was much greater within bands than outside them (380.4

vs. 129.6 mg/ ). Average C. sglacialis biomass was similar in both
situations (81.1 vs. 82.2 m~/m ). Limnocalanus macrurus biomass was
somewhat higher at depths where no distinct bands were observed (2.4 vs. 12.0
mg/mJ ) .

As was the case within the nearshore water mass, the dominant groups
over the inner shelf were copepods~ hydrozoans and ctenophores, and
chaetognaths. Calanus hyperboreus, Q. glacialis and E. glacialis were the
major copepod speciesj although L. macrurus was abundant at shallow stations
(see above). Euphausiids and my~ids apparently were much less abundant, in
terms of biomass, than in the nearshore water mass. However, it should be
noted that at the nearshore station, one horizontal tow was about 3 m above
bottom; at the four inner shelf stations, the horizontal tows were all 9 m or
more above bottom (Table 4). If mysids, euphausiids, or both were most
abundant near the bottom, their abundance at inner shelf stations may have
been underestimated. Several other groups and species were locally abundant
within the inner shelf water mass but they never overshadowed the three major
groups (copepods, euphausiids, mysids).

Outer Shelf. --Four stations (4, 5, 9, 10; depth range 56 to 185 m) were
located within this water mass. Surface temperatures were warmer (1.5 to
2.5”C) and salinities lower (23 to 26 O/oo) compared to those in the colder -
(-1.0 to -1.5°C) and more saline (28 to 31 O/oo) layer beneath the
pycnocline  (see ‘Water Masses’ section).
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In the water column as a whole, three major contributors to total
zooplankton biomass (133.0 mg/m3) were copepods (102.6 mg/m3) ,
hydrozoans and ctenophores (17.9 mg/m3), and chaetognaths (5.5 mg/m3;
Fig.331). There were three major copepod species, ~. hyperboreus (7$7
mg/m ), C. glacialis (16.7 mg/m3) and E. glacialis (10.9 mg/m ).
The major–c nstituents of the hydrozoan3and cte~ophore group were A. digitaleY(10.9 mg/m ) and ~. ovum (5.1 mg/m ). The dominant chaet~gnath was
~. elegans (3.2 mg/m”; Fig. 31 and 32).

In outer shelf surfs~ waters, total zooplankton biomass was very low,
averaging only 14.1 mg/m . Two3 groups were major contributors to this
low

+
iomass. Copepods (6.1 mg/m ) were 3represented by C. glacialis  (4.4

mg/m ) and C. hyp$rboreus ( 1.3 mg/m ) ; hydrozoans ‘an~ ctenophores
contributed 43 mg/m’ (Fig. 31 and 32). Within the distinct zooplankton
bands detected by ~he =ho~ounder below the pycnocline,  total biomass
averaged 196.9 mg/m , 14 times greater than above the pycnocline. The
major contributors to to al

5
zooplankton biomass were the copepods C.

hyperboreus (103.2 mg/m ), E. glacialis (15.6 mg/m3) , and 7.
glacialis (18.4 mg/m3). Other ~roups and species included the h drozo~n
A. Y

digitale (22.0 rng/rn3), the ctenophore M. ovum (4.8 mg/m ), the
~ter~pod  S. helicina (6.1 mg/m3), the ch~etogn~th S. elegans (6.8
mg/m ), a~d the amphipod P. libellula (4.1 mg/m ; F~g. 31 and 32).
Total zooplankton biomass wh~re no distinct layers wer~ observed was lower
than that within the bands (90.7 vs. 196.9 mg/m ). However, the
composition of zooplankton was similar within and outside the bands (Fig. 31
and 32).

I In general, copepods, hydrozoans and ctenophores, and chaetognaths were
the major components of total zooplankton biomass over the outer continental
shelf.

I

Calanus hyperboreus, C. glacialis and E. glacialis were the three
major copepod species. As in—the inner shelf zo—ne, there were no horizontal

1 tows close to the bottom (closest was 24 m above bottom; Table 4), so any
animals concentrated near the bottom may have been underrepresented.

I Transect 4. --Three stations (11, 12, 13; depth range 14 to 40 m) were
sampled along this short transect off Demarcation Bay on 18 September 1985.

I

The water mass in this region was substantially different from the water
masses along Transects 1 and 2. A period of strong westerly winds had
occurred just before Transect 4 was studied (see ‘Water Masses’ section).
Temperature-salinity patterns along this transect (uniformly -0.5 to -1.O”C;

I 28 to 29 O/oo) indicated that strong vertical mixing had occurred during the
wind event. The pycnocline  was not as distinct as on Transects 1 and 2.

I
In themg,m7ater CO1umn as a wholes the total zooplankton  biomass 3averaged

210.3 and was dominated by copepods (141.+ mg/m ) with
cent ibutions from hydrozoans and c enophores (13.1 mg/m ), mysids (11 2

5 5 3mg/m ), fish larvae

I

(12.1 mg/m ) and euphausiids (15.5 mg/m ;
Fig. 31). The species composition of the major groups was similar to that
foun in the nearshore water mass.

!3
The major copepods were ~. macrurus (65 8

3mg/m ), C. hyperboreus (47.5 mg/m3), C. glacialis (18.6 mg/m )

I and D. t;lli (6.0 mg m3).
4

The ‘other m~in species were
M. l~toralis (9=2 mg/m ), the

thtj mysid .
~uphausiid T. raschii ( 13.1 mg/m ), the

~ydr~zoan H. cirratus (7’.6 mg/m ), and th~ fish larvae B. Saida (8.2

I

mg/m ; Fig.—31 and 32).
——



Total biomass levels
were low, averaging only
considering the extent of
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in surface waters along Transect 4 (<6 m depth)
31.4 mg/m3. This result was somewhat surprising
the recent wind-induced vertical mixing. However,

sampling in this region occurred about eight hours after the winds had
subsided, and zooplankton had apparently migrated to deeper warers by this
time. In these zooplankton-scarce  surface waters, the major3 contributors to
total zooplankton bio ass

$’
were copepods (9.3 mg/m ), mainly C.

hyperboreus (6.6 mg/m ); hy rozoans
4

and ctenophores (11.0 mg/m~,
mainly Halitholus, (7.2 mg/m ); and Arctic cod larvae (2.9 mg/m ;
Fig. 31 and 32).

In.deeper waters (>6 m depth), total zooplankton biomass within distinct
bands was on average much higher (389.2 mg/m3) than in more shallow
waters. The dominant Sgroup was copepods (306.1 mg/m3),

(137.3
primarily L.

macrurus m$/m ) , C. hyperboreus ( 107.4 mg/m3), and ~.
glacialis (44.0 mg/m ; Fig. 3-1 and 32). However, some other groups a~d
species were important components of the zo plankton community within the
bands:

3
9t e mysid ~. litoralis (20.5 mg/m ), the euphausiid ~. raschii

(12.3 mg/m ), the hydrozoans H. cirratus and A. digitale (5.9 sand 5.3
mg/m , respectively) , the p~er~pod S. hel~cina (7.7

9
mg/m), t e

chaetognath S. @legans (5.5 mg/m ) , an~ the cod ~. saida (4.0 mg/m ;
Fig. 31 and 37).

In the one sample collected below the pycnocline where no di tinct
fzooplankton bands were observed, total biomass was lower (82.1 mg/m ) and

the species composition of the major zooplankters  was different than t3hat in
distinct bands (Fig. 32 .

A
The copepods Q. hyperboreus (26.8 mg/m ) and

~. glacialis (19.4 mg/m ) were the major contributors to total biomass.
There were almost no M. Iitoralis, ~. raschii and L. macrurus; these species
had been significant-contributors to biomass with—in the zooplankton bands
(Fig. 32).

General Patterns.--Along Transects 1 and 2 there was typically a
distinct layer of warmer and brackish surface water (>-0.5°C; <30 O/oo)
overlying colder and more saline deeper water (-1.O”C; >31 O/OO).
Pycnoclines (5 to 10 m depth) were very distinct along these transects, and
showed an increased intensity with distance from shore. In contrast, the
water mass along Transect 4 was well mixed and showed a more uniform
temperature-salinity pattern.

Zooplankton biomass was generally low in surface waters at or above the
pycnocline both along Transects 1 and 2 and along Transect 4. The low
biomass near the surface was mainly attributable to a scarcity of copepods,
but some other groups also were less prominent in surface than deeper waters
(Fig. 31). This may be related to the fact that chlorophyll levels in
surface waters were low. Low chlorophyll levels were evident from analyses
of water samples collected from the boat ~ and also from remote sensing aboard
the aircraft. Water samples collected along Transect 2 showed that
chlorophyll levels increased with depth (see Appendix 2). These data
indicated that phytoplankton$ the primary food for grazing zooplankton such
as copepods, was less abundant in near-surface waters than at deeper depths.

Below the pycnocline, both within and outside the distinct zooplankton
bands evident from the echosounder, five species of copepods were the major
contributors to total biomass: Calanus hyperboreus, ~. glacialis, Euchaeta—.
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glacialis, Limnocalanus

biomass was much h i g h e r
Even outside the layers,

macrurus and Derjuginia tolli. Typically, total
within than outside distinct zooplankton layers.
however, the total biomass averaged considerably

greater than that above the pycnocline (Fig. 31).

Our study presents the first comprehensive data on the biomass (as
opposed to numbers) of zooplankton in or near the study area and the first
categorization of zooplankton  biomass according to the water mass and depth
of collection in this area. These aspects of the data are important in
addressing the potential importance
feeding bowhead whales (see later).

Nonetheless, the major species
similar to those reported from
investigators (e.g. Johnson 1956,

of various locations and water masses to

and groups found during this study were
the Beaufort Sea by several other

1963; Grainger 1965; Homer 1979, 1981;
Griffiths and Buchanan 1982). Two copepod species, Limnocalanus macrurus and
Derjuginia tolli, were typically abundant only in the nearshore or inner
shelf water masses. Three other species, Calanus glacialis, ~. hyperboreus
and Euchaeta glacialis, were found throughout the entire study area. One
major difference from previous results was the low density and biomass of
Pseudocalanus minutus (discussed in next subsection). Many other species
within several different groups (i.e. hydrozoans and ctenophores, mysids,
euphausiids , amphipods, pteropods, chaetognaths) were significant
contributors to the zooplankton biomass at particular stations or individual
station-depth combinations. The euphausiid Thysanoessa raschii and the mysid
Mysis litoralis were abundant, in terms of biomass, only in the nearshore
water mass on Transects 1 and 4 (no nearshore samples were collected on
Transect 2 due to severe ice conditions). Several other groups were widely
distributed over the study region and contributed to the zooplankton biomass
at most station-depth combinations, although not always significantly. These
animals included hydrozoans Aglantha digitale and Halitholus  cirratus; the
ctenophore Mertensia ovum; the chaetognath Sagitta elegans; the amphipod
Parathemisto libellula; the pteropod Spiratella helicina; and the cod larvae
Boreogadus saida.

One other noteworthy aspect of our results was the presence of the
copepod Neocalanus cristatus at the offshore outer-shelf stations on all
three transects. This species has been termed an ‘expatriate’ in these
waters as there is little to no local reproduction; this species is
representative of Bering Sea water (Johnson 1956, 1963). These results
suggested that some Bering Sea water occurred as far east as the Alaska-Yukon
border in 1985. That is apparently not an unusual event since Bering Sea
zooplankters  have been reported from locations this far east in previous
studies (Johnson 1956).

Major Groups of Zooplankton

Copepods. --Copepod
zooplankton community in
in the stomach contents
(Lowry and Frost 1984).
(Calanus hyperboreus, ~.
Limnocalanus macrurus)
community.

crustaceans are the major component of the
the Eastern Alaskan Beaufort Sea and have been found
of all bowhead whales taken at Kaktovik in autumn

In the present study, five species of copepods
glacialis, Derjuginia tolli, Euchaeta glacialis- and
contributed significantly to the zooplankton
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Calanus hyperboreus: This species, the largest of the arctic copepods
(4-6 mm in length), occurred at all 43 station-depth combinations sampled
during the study (Appendix 3). Below the pycnocline, in the Arctic Surface
layer, it was the dominant copepod, in terms of biomass, at all stations and
depths. However, in the warmer (>l°C) and less saline (<28 O/oo) surface
waters, C. hyperboreus was much less abundant (Table 7; Fig. 32 and 33).
Similar r–esults were reported by Griffiths and Buchanan (1982), who found ~.
hyperboreus to be the dominant copepod in shallow waters of the southeastern
Beaufort Sea in both 1980 and 1981. Grainger (1965, 1975) found this species
to occur over most of the southern Beaufort Sea region and to constitute a
major element of the copepod community. Calanus hyperboreus was the most
common species of copepod reported from bowhead whale stomachs taken in the
Kaktovik area (Lowry and Frost 1984) and it has been found commonly in
zooplankton samples collected at all distances from shore in that area
(Johnson 1956; Homer 1981). In contrast, Calanus hyperboreus was relatively
rare (7.3% of total zooplankton  biomass) in 16 oblique tows off the Yukon
coast in the Canadian Beaufort Sea in August 1985, where feeding bowheads
were congregated (M.S.W. Bradstreet, LGL Ltd., in prep.).

The life cycle of ~. hyperboreus varies from one to two years according
to location. In the Beaufort Sea a two-year cycle is dominant. In the
present study, ~. hyperboreus biomass was composed primarily of copepodite
stages IV (18%) and V (19%) and of adult females (62%), with a minor
contribution of copepodite stage III (Fig. 34). However, in terms of
numbers, copepodite Stage IV (52%) was the most abundant followed by adult
females (26%) and copepodite stages V (16%) and III (8%) (Fig. 35). The re
was no evidence that life stages were segregated by depth (Table 7). All the
major life stages were represented at all depth ranges where C. hyperboreus
occurred. However, biomasses of all life stages were less at ~epths greater
than 25 m than at depths 8-25 m (Table 7).

G31anus glacialis: This species is widely distributed throughout the
Arctic
co Iumn
1976a;
second
(Lowry
second

Basin and Canadian arctic archipelago in the upper 300 m of the water
(Grainger 1965, 1975; Mohammed and Grainger 1974; Sekerak et al.
Homer 1979, 1981; Griffiths and Buchanan 1982). This species was the
most common copepod found in stomachs of bowheads taken near Kaktovik
and Frost 1984). In terms of biomass, Q. glacialis was also the
most abundant copepod collected in this study. It was found at 41 of

43 station-depth combinations (Appendix 3). As was the case for C.
hyperboreus, C. glacialis was almost absent from the warmer (>l.O°C) and le~s
saline (<28 ‘/oo) surface waters and was most abundant at or below the
pycnocline at all distances from shore (Table 7; Fig. 32 and 33). This
species was relatively rare during oblique plankton sampling off the Yukon
coast of the Canadian Beaufort Sea in August 1985 (6.0% of total zooplankton
biomass; M.S.W. Bradstreet, in prep.).

It appears that ~. ~lacialis in the Arctic Basin require two years to
mature. Most individuals spend their first winter as copepodite stage II or
III, mature to copepodite stage V the following summer, and pass the second
winter as stage V (Grainger 1975; Sekerak et al. 1979). In the present
study, copepodite stages III-V and adult females were the most abundant life
stages collected in terms of biomass and numbers (Fig. 34 and 35). The older
and larger life stages (i.e. copepodites IV and V; adult females) dominated
the biomass; however, copepodite stages III and IV were most abundant
numerically. There was no evidence that individual life stages concentrated
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Table 7. Man biomass (ng/m3) of tk predomtit  lite-stages  of major co~pod species in =lat ion to water depth.
Data from horizontal tcw samples, Septemter 1985. See Figure 34 for details concerning pro~rtion of
bimnaas cxmtributed by each life stage.

Gh-nls Limnocaknus lkrjuginia Ellchaeta
Lkpth hypboreus glacialis macrurus tolli glacialis
F

.—
— —--c --. — .—

Ivv kiQ 111 IV v MQ A:Q M(Y NV v M$?
-— . ..—

Mow
Pycnocline

16-25 x
*SD

1.8 1.2
4.2 1.’4

29.5 28.1
20.7 52.2

32.1 40.1
36.5 35.1

3.9 17.2
2.0 16.2

2.2 0.7
2.8 1.0

135.3 5.2
256.8 5.6

152.2 3.3
164.9 5*4

36.2 0.9
24.8 1.6

0.6 0.1 1.4 7.5 4.0
0.8 0.2 2.5 16.8 9.7

12.1 13.2 13.1 45.4 24.3
13.0 13.2 14.0 63.0 34.2

13.2 21.3 40.1 15.1 9.9
14.0 22.3 46.5 36.0 24.1

3.4 4.2 5.5 0.2 0.1
3.0 107 1.9 – 0.2 0.2

0.3 0.3 0.3 0.3
0.6 0.7 0.5 0.9

6.1 8.7 0.7 0.9
14.3 14.4 1.3 1.8

0.5 1.6 4.8 5.6
1.4 4.3 2.6 3.3

O*O 0.0 4.7 4.7
0.0 0.0 4.3 3.6
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at particular depths below the pycnocline. As was the case for ~.
hyperboreus, biomasses of all life stages of C. glacialis decreased at depths
greater than 25 m (Table 7).

Limnocalanus  macrurus: This species has been reported from near-surface
waters of the marginal seas of the Arctic Ocean (Grainger 1965). In the
southeastern Beaufort Sea it is abundant wherever water of low salinity
occurs (Grainger 1975; Grainger and Grohe 1975), and it is mainly restricted
to nearshore shallow waters. Similar results have been obtained in the
Alaskan Beaufort Sea (Homer 1981). Johnson (1956) found this species to
have estuarine affinities, and suggested that its presence may indicate the
spread of river water out over the ocean. Griffiths and Buchanan (1982)
found that the biomass of ~. macrurus varied widely during a two-year study
in the Mackenzie Delta area; this species was not a major component of the
total copepod biomass at any station in either year. L. macrurus was the
dominant zooplankter (68% of total zooplankton biomass) ~n oblique tows off
the Yukon coast in August 1985 (Bradstreet,  in prep.). During our 1985 field
season ~. macrurus was found in 34 of 43 samples (Appendix 3). However, its
biomass was significant only at shallow stations on Transects 1 (Stations 1
and 2) and 4 (Stations 11 and 12; Table 7; Fig. 32 and 33). Average biomass
was greater at 8-25 m depths than above the pycnocline,  but the difference
was not as pronounced as for most other species (Table 7).

Adult male and female L. macrurus were by far the dominant life stages
collected during the study ~n terms of numbers as well as biomass (Fig. 34
and 35). Copepodite stages 111 and V were found in only 3 of 43 samples.
Similar results were found by Griffiths and Buchanan (1982), who reported
that adult males and females} plus copepodite stage V, were the most abundant
life stages collected in late August and early September off the Mackenzie
Delta in 1980. These data suggested that ~. macrurus has a one-year life
cycle and that, by September, they were in their breeding and/or
overwintering stages, Thus , they would presumably contain a high
concentration of stored food, There was no evidence of depth segregation by
particular life stages of this species in samples collected during the
present study (Table 7),

13erjuginia tolli: Grainger (1965, 1975) found this species to be widely
distributed in the southeastern Beaufort Sea between Herschel Island and Cape
Dalhousie. It is found almost exclusively in near-surface waters of”marginal
ArcCic Seas (Grainger 1965; Homer 1981). Griffiths and Buchanan (1982)
reported D. tolli in samples taken off the Mackenzie Delta and found that it
was typic—ally absent from surface waters; highest biomasses were recorded
near the bottom. In the present study, D. tolli was found in only 15 of 43
samples collected and was a significant—contributor to the copepod biomass
only at the shallow stations on Transect 1 (Stations 1 and 2) and Transect 4
(Stations 11 and 12; Appendix 3). Average biomass decreased from nearshore
to inner shelf to outer shelf stations (Fig. 32). At all stations where it
was abundant, D. tolli was scarce in surface waters; it was typically found
near the botto~and}or at mid-water depths (Table 7; Fig. 33). This species
was rare (0.1% of zooplankton biomass) in oblique tows off the Yukon Coast in
August 1985 (Bradstreet, in prep.).

Most of the D. tolli collected, in terms of both biomass and numbers,
were copepodite s—tages IV and V with small contributions from copepodite
stage 111 and adult females (Fig. 34 and 35). Similar results were obtained
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off the Mackenzie Delta, where D. tolli biomass was composed primarily of
copepodite stages IV and V (Griff~ths and Buchanan 1982). These data suggest
that Q. tolli has a one year life cycle. By September, most individuals
apparently reach copepodite stages IV and V, and some reach the adult female
stage. At this time stored food reserves would be at a maximum to provide
for overwintering and/or the production of young. There was no evidence of
depth segregation by specific life stages (Table 7).

Euchaeta glacialis: This predatory species has been reported from the
southeastern Beaufort Sea, the Amundsen Gulf region, and deep offshore
stations in the Arctic Ocean (Grainger 1965; Hansen et al. 1971). In the
present study, E. glacialis  was found in 31 of 43 samples (Appendix 3). Its
biomass was h~ghest at stations on the outer continental shelf along
Transects 1 and 2 (Fig. 32 and 33). Unlike the other major copepods, the
biomass of ~. glacialis was no lower at depths >25 m than at shallower depths
(Table 7). Because this species is predacious and not directly dependent on
phytoplankton  for food, it is believed to have a one year life cycle and
probably breeds year around with a major peak in June (Hansen et al. 1971).
In terms of biomass, most of the ~. glacialis  collected during this study
were copepodite stage V and adult females with minor contributions from
copepodite stages II, III and IV (Fig. 34). However, numerical abundance was
more evenly divided among life stages, including the smaller stages (Fig.
35). There was no evidence of differences in depth distributions of
different life-stages (Table 7). This species was uncommon (1.1% of
zooplankton biomass) in oblique tows made off the Yukon Coast in August 1985
(Bradstreet, in prep.).

Pseudocslanus:  This small copepod was found in only 14 of our 43 samples
and it accounted for only 0.6% of total copepod biomass and 4.7% of total
copepod numbers in all samples. As such, it was not considered to be a major
species during this study, and was excluded from previous tables and graphs
for major species. However, this species was more common in some previous
studies, so it is discussed here.

In this study, Pseudocalanus spp. was found on all three transects but
only over water depths <28 m. A maximum biomass of 12 mg/m3 was found in one
tow at Station 1 (13 m depth) on Transect 1. A biomass of 11 mg/m3 was found
in one tow at Station 12 on Transect 4. Biomass was less than 5 mg/m3 at all
other stations at which it was found. Similarly, Pseudocalanus  spp. was rare
in oblique tows off the Yukon coast of the Canadian Beaufort Sea in August
1985 (mean of 1.0 mg/m3; Bradstreet in prep.). In contrast, Griffiths and
Buchanan (1982) collected Pseudocalanus minutus at all of their stations in
the Canadian Beaufort Sea in 1980 and 1981, and recorded a maximum biomass of
47 mg/m3. Homer (1981) found Pseudocalanus  spp. to be quite abundant in the
Alaskan Beaufort Sea, including parts of our study area, in 1977 and 1978; in
those years she used bongo nets with 0.5 mm mesh, as we did in 1985.
Pseudocalanus was found in the stomach of 1 of 8 bowheads taken at Kaktovik
(Lowry and Frost 1984).

Because of the large mesh size used (0.5 mm) in this study and by
Bradstreet (in prep.), the smaller stages of Pseudocalanus spp. might have
passed through the nets. However, stage IV copepodites of Derjuginia tolli
are about the same size (1.2 to 1.56 mm) as Pseudocalanus  spp. stage IV and
adult females (1.04 to 1.36 mm), and we collected many Derjuginia tolli stage
IV copepodites (Table 7). Also , Homer (1981) collected many Pseudocalanus
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with the same gear type as used by us. Thus, it is unlikely that the later
copepodite stages of Pseudocalanus Spp. were underrepresented  in our
samples. The scarcity of Pseudocalanus spp. in the 1985 collections was
likely due to annual differences in its abundance.

Hydrozoans and Ctenophores.--These taxa, taken together, were typically
the second most important group after copepods, in terms of wet-weight
biomass. Two hydrozoans,  Aglantha digitale and Halitholus cirratus, and one
species of ctenophore, Mertensia ovum, accounted for most of this biomass.

Aglantha  digitale: This species is one of the most common arctic
zooplankters  (Grainger 1965). A summary of the known Arctic distribution of
~. digitale (Point Barrow, southern Beaufort Sea, Jones Sounds Ellesmere
Island, Foxe Basin) has been provided by Shih et al. (1971). Homer (1978,
1981) found & digitale to be a significant component of the zooplankton
community, in terms of numbers, within our study area. In the present study,
~. digitale occurred in 38 of 43 samples and was a major contributor to the
zooplankton biomass below the pycnocline at most station-depth
combinations sampled (Appendix 3; Fig. 32 and 36).

Halitholus  cirratus:  This species has been documented as occurring from
Point Barrow, Alaska, east to Frobisher Bay, N.W.T. (MacGinitie  1955; Dunbar
1942). Grainger (1965) classified ~, cirratus as being primarily coastal and
restricted, in the southeastern Beaufort Sea, to nearshore shallow waters.
Griffiths and Buchanan (1982) found this species to comprise a significant
portion of the hydrozoan biomass at all stations off the Mackenzie Delta in
both 1980 and 1981. They found the biomass of ~, cirratus to increase with
depth and to be highest below the thermocline. In the present study, H.
cirratus occurred in 19 of 43 samples collected (Appendix 3). In genera~,
its biomass was greatest below the pycnocline at the shallow stations (Fig.
32 and 36).

Mertensia ovum: This ctenophore has been reported from the Chukchi Sea-
Point Barrow region east through the southern Beaufort Sea to Frobisher Bay,
Baffin Island (Shih et al. 1971). Grainger (1965) reported that M. ovum has
a wide temperature-salinity tolerance (-1.5 to 4.O”C; 18-32 0/=0)- This
species has not been reported commonly from our study region; Homer (1981)
did not record it in the Alaskan Beaufort  Sea. Grainger (1965) found it in
the southeastern Beaufort Sea from samples collected between 1951 and 1962
but Grainger (1975) did not report any in the same waters in 1974-1975.
Griffiths and Buchanan (1982) did not find any ~. ovum off the outer
Mackenzie Delta in 1980-81. However, during the presen~udy this species
was found in 31 of 43 samples (Appendix 3; Fig. 36). It was a major
contributor to biomass in deeper waters (>5 m depth) at all stations along
Transect 1, but not Transects 2 or 4.

Amphipods.--Amphipods have been reported in the diets of all eight
bowhead whales taken in 1979-82 near Kaktovik$  Alaska; however, in none of
the whales did they form over 3% of the stomach contents (Lowry and Frost
1984). In the present study, amphipods  were only minor contributors to the
zooplankton biomass at all station-depth combinations with the exception of
shallow water depths (10-12 m) at Station 9 on Transect 2 and Station 13 on
Transect 4 where they were major components, in terms of biomass. A single
species, Parathemisto libellula, was the major contributor to the amphipod
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Five other species--Hyperia  galba, P. abyssorum~ Apherusa
Onisimus glacialis and Q. nanseni

——
--were only minor contributors.

Parathemisto libellula: This circumpolar  species is also found in the
Pacific Ocean, the Bering and Okhotsk seas, and in our study area (Homer
1981). Parathemisto libellula is the largest member of the genus (up to 60
mm in length) and has a two-year life cycle in arctic waters (Shoemaker 1955;
Dunbar 1957)0 Late in the winter males mature at length 19-21 mm, and
females at 21-25 mm (Wing 1976). The species is predominantly carnivorous
but also ingests some vegetable matter (Dunbar 1946). Parathemisto libellula
was found in the stomachs of six of eight bowheads harvested at Kaktovik$ but
it and other less common hyperiid amphipods accounted for only 0.1% of their
stomach contents by volume (Lowry and Frost 1984).

In the Eastern Alaskan Beaufort Sea during 1985, P. libellula was found
in 36 of 43 samples but it showed no consistent ‘distribution pattern
(Appendix 3; Fig. 37). It was a minor contributor to the total zooplankton
biomass at some station-date combinations. The modal size (15 mm) of ~.
libellula collected in the study (Fig. 30) suggested that most of the animals
were first-year individuals and not yet sexually mature.

Mysids and Euphausiids. --Mysids and euphausiids appear to be important
food items in the diets of some bowhead whales in the Alaskan Beaufort Sea
(Lowry et al. 1978; Lowry and Frost 1984). Mysis Iitoralis and Thysanoessa
raschii were the only abundant members of the two groups, i; terms of
biomass, collected during the 1985 field season.

Mysis litoralis: This species has been found commonly along the coasts
of the Alaskan and Canadian Beaufort Sea, including our study area (Broad et
al. 1980; Griffiths  and Dillinger 1981; Homer 1981; Jewett et al. 1984;
Bradstreet in prep.). During our 1985 field program M. litoralis was found
in only 9 of 43 samples. Almost all occurrences of—this species were at
shallow nearshore and inner shelf stations, particularly near the bottom
(Appendix 3; Fig. 32 and 37). The apparent absence of M. litoralis at
offshore stations may have been partially due to the few sa~ples taken near
the bottom at those stations (Table 4). However, the echosounder rarely
showed bands of zooplankton  just above the bottom at the deeper stations (see
below). Two size classes of M. litoralis were collected. The modal lengths
of 12 and 20 mm (Fig. 30)–are consistent with the two-year life cycle
reported by Griffiths and Dillinger (1981).

Thysanoessa raschii: This species has been collected commonly in the
Arctic Basin beyond the continental shelf, and has also been reported in the
Alaskan and Canadian Beaufort Sea and over the continental shelf of the
Chukchi and Barents seas (Geiger et al. 1968; Homer 1978, 1979, 1981; Broad
et al. 1980). In August 1985$ euphausiids, mainly Thysanoessa raschii,
comprised 1.0% of total zooplankton biomass in oblique samples collected off
the Yukon coast in the Canadian Beaufort Sea (Bradstreet in prep.).
Thysanoessa raschii was found commonly in the stomachs of bowheads taken at
Kaktovilc (Lowry and Frost 1984). In the present study, T. raschii was
identified in 20 of 43 samples collected. As for M. litoral~s,  its biomass
was greatest at the shallow water stations along Tr~nsects  1 and 4 (Appendix
3; Fig. 32 and 38). This distribution pattern may reflect the few samples
collected near the bottom at the deeper offshore stations. However, the
hydroacoustic results provided little evidence of much biomass near the
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bottom at the deep water stations sampled. The length-frequency distribution
of T. raschii was unimodal (size range 11-24 mm, Table 6), which suggests a
one-year life cycle for this species in the study area.

Fish Larvae.--Three groups of larval fish were collected in the study
area during 1985: Gadids, Liparids and Cottids. Only Gadids, represented by
the Arctic cod, Boreogadus saida, was a major contributor to the zooplankton
biomass.

Boreogadus saida: This species occurs throughout the marine waters of
northern North America, from the northern Bering Sea, north and east around
Alaska, throughout the Canadian arctic islands, and south to the Grand
Banks. It has been reported as far north as 88°N in the Arctic Ocean
(Bradstreet et al. in press). In the present study, larval ~. saida were
found in 38 of the 43 samples collected; however, no clear distribution
pattern was evident from the biomass data. Boreogadus saida was sometimes
common above as well as below the pycnocline (Fig. 38). This species was
found across the S t udy area but it was abundant only at localized
station-depth combinations (Appendix 3; Fig. 38).

Distribution of Acoustic Biomass

The hydroacoustic surveys provided data on zooplankton at far more
locations and depths than could be sampled by traditional net-sampling
methods. However, before the hydroacoustic  data could be interpreted, it was
necessary to determine the relationships of the hydroacoustic results to
zooplankton biomass as estimated by traditional net sampling.

Hydroacoustic data were collected during (1) bongo net sampling at each
station, and (2) continuous surveys between stations along the three
transects that were investigated. The first type of data was used to develop
four separate regression relationships between the volume scattering results
from the 120 and the 200 kHz echosounders, on the one hand, and the bongo
net data as biomass/unit volume and number/unit volume on the other. As
described below, the strongest correlation was between the 200 kHz
echosounder results and biomass/unit volume. Hence, that relationship was
used to estimate zooplankton biomass from the echosounder results acquired
during the continuous hydroacoustic  surveys. These results were then used to
determine the amount of food available to bowheads in the study area and to
investigate the vertical and horizontal distribution and patchiness of
zooplankton.

Acoustic Biomass vs. Net Biomass. --A total of 31 horizontal bongo tows
were performed, and echosounder data were obtained during 25 of these
sampling periods. However, some of these pairs of concurrent net and
hydroacoustic data were excluded from the analyses because of problems with
noise contamination (120 kHz only) or echoes from abiotic sources such as
sharp density gradients (pycnoclines) and suspended particulate materials.

1. Since noise affected the results of the 120 kHz system at depths
below 45 m, two of the 120 kHz regression analysis data points were
excluded: Station 5, tow depth 55 m; and Station 10, tow depth 90 m
(Table 8).
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2. When a pycnocline was present, acoustic echoes from zooplankton
could not be separated from those attributable to the density
contrast between the relatively warm brackish surface water and the
more saline cold underlying waters (see ‘Water Masses’ section for
details). Hay (1984) showed that a 200 kHz echosounder detected
density contrasts in arctic waters. Penrose and Beer (1981) also
found that acoustic scattering from the pycnocline in an estuary was
attributable to the temperature-salinity gradients. Suspended
particulate are known to accumulate at the pycnocline (Krone 1978),
and acoustic scattering from suspended particles has been observed
commonly (e.g. Orr and Hess 1978). For these reasons the volume
scattering data from the depths near the pycnocline can be biased.
Consequently, eight data points were excluded from our analysis:
Station 4, tow depth 5 m; Station 5, tow depth 5 m; Station 7, tow
depth 5 m; Station 8, tow depth 6 m; Station 9, tow depth 9 m;
Station 12, tow depth 5 m; and Station 13$ tow depth 5 and 12 rn.

Table 8. Data used in regression analyses of zooplankton in horizontal bongo
tows (mg/m3 and number/m3) vs. acoustic volume scattering (120 and
200 kHz, mean V2 x10-8/m3). *A**** signifies missing data.

Hydroacoustic Biomass
Net Samples

Net 120 kHz 200 kHz 200 kHza
Station Depth mg/m3 no./m3 Vs W mg /m3

1 10 463.4
2 14 345*O
3 8 924-9
3 15 189-1

170.6
: :: 174.0
5 55 172a6
7 16 320-2
8 12 306e2
8 18 230,4
9 19 278-6
9 32 104.7

10 18 140.0
10 90 46-0
11 8 309.8
11 10 419.4
12 12 414.1
12 20 76006
13 30 82s1

522.93
215*78
107e69
40.85
22.23
24-02
26-89
91078
145.33
81-23
59.10
32.19
24.67
10026

318s53
532.84
777.23
614.99
28-42

0.8653
0.4421
2e3320
0.4530
0.5214
0.0054
******

0.9053
0s0862
0e0798
0e4172
0.2201
0e7162
******
1.0441
0.6806
1.4955
0.5430
0-2204

1.8915
1.0959
2,4245
0s4841
0.7174
0.0013
0.0660
1*4932
0.3006
0s2755
0.6994
0.5256
0.4507
000023
******
******

1-2049
1.1797
0-6090

683
407
868
196
276
28
51

545
132
123
270
210
184
29

****
****

445
436
239

a Estimated zooplankton biomass based on 200 kHz VS data and regression
equation given in Fig. 39B.

The data used in the regression analyses of zooplankton biomass and
numbers from net samples vs. hydroacoustic  volume scattering are presented in
Table 8. All values are expressed in ‘per m3’ format. The acoustic data
were those that corresponded to the tow depth of the bongo net. The
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horizontal tow depths varied slightly during each tow because of wave action
and variable boat speeds. Hence, we averaged the volume scattering
measurements (VS) for the two 2-m strata above and below the tow depth (e.g.
for tow depth = 10 m, the scaled VS data for strata 8-10 m and 10-12 m were
averaged). If the tow depth was the midpoint of an echo integration stratum,
then only that stratum was used (e.g. for tow depth = 15 m, VS data for 14-16
m were used). For tows deeper than 52 m, where VS strata were 10 m thick,
we used the VS data from the stratum that included the tow depth (e.g. for
tow depth = 90 m, VS data from 82-92 m were used).

The regression results are presented in Figure 39 and Table 9. A
geometric mean regression model was used to describe the relationship between
these mutually variable data (cf. Ricker 1973, 1984). Net biomass was
significantly correlated with volume scattering results from either the 120
kHz or the 200 kHz echosounder (Fig. 39; r = 0.70 and 0.81; respectively).
Density (no./m3) was not as strongly correlated with either 120 kHz results
(r = 0.36, l-sided p = 0.08) or the 200 kHz results (r = 0.49, p = 0.024).
These results were expected since mean backscattering cross-section per unit
weight is much less sensitive to variation in physical target size than is
mean backscattering cross-section per individual (Thorne 1983). Similarly,
Greenlaw et al. (1980) demonstrated that, at frequencies above 80 kHz, volume
scattering from euphausiids of variable size was more closely related to
biomass than to numerical density.

The strength of the correlation between net biomass and volume
scattering data from the 200 kHz echosounder (r = 0.81, p = 0.0001, n = 17)
was encouraging, given some of the inherent biases of the sampling techniques
(e.g. the bongo net sampling on descent and ascent; the likelihood that high
sediment concentrations on Transect 4 contributed to the acoustic backscatter
at some stations). During the 1986 field season , we expect to compensate for

Table 9. Linear regression analyses of results of zooplankton net
sampling (mg/m3 and no./m3)  vs. acoustic volume scatter-
ing (120 and 200 kHz, mean V2 x 108/m3). Note that VS
was multiplied by 108 for the regression. Regression
equations were derived with the geometric mean
regression method (Ricker  1984).

mg/m3 vs. no./m3 vs. mg/m3 vs. no./m3 VS.
Statistic 120 kHz 120 kHz 200 kHz 200 kHz

Intercept 81.4 -59.8 27.9 -107.4

Slope 385.4 422.2 346.4 346.5

Correlation 0.70 0.36 0.81 0.49

p (l-sided) (0.0013) (0.079) (0.0001) (0.024)

n 17 17 17 17
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corresponding locations and depths. Note that, for the
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these problems by using an opening and closing bongo assembly, and by
acquiring more information about suspended sediments.

At most locations, the 120 and the 200 kHz echosounder  revealed similar
scattering patterns (e.g. Fig. 40) . However, the calculated VS values
usually were greater for the 200 kHz system than for the 120 kHz system
(Table 8; Fig. 41 and 42). In the area shown on the echograms of Figure 40,
both frequencies detected the pycnocline  and a zooplankton layer between 20
and 30 m depth. The corresponding digital data for both frequencies included
a peak in volume scattering near the pycnocline and a lower peak near 25 m
depth (Fig. 41). The horizontal distribution of VS data from the same area
varied widely (Fig. 42). For the survey as a whole, volume scattering data
at the two frequencies tended to vary in parallel, with generally higher VS
values from the 200 kHz system than from the 120 kHz system.

Our data on the size distribution of the zooplankton collected during
the study were useful in interpreting the volume scattering results from the
120 and 200 kHz systems. For all bongo samples combined, the biomass was
dominated by copepods (i.e. 79% of the total wet weight). Cal anus
hyperboreus and C. glacialis were the most abundant copepod species (42% and
13% of total we; weight, respectively). The modal lengths for these two
species were 3.5 mm and 2.5 mm, respectively. Thus , the lengths of the
dominant zooplankters  were less than the wavelengths of the acoustic energy
emitted by the echosounders (12 mm at 120 kHz; 7.2 mm at 200 kHz). In this
situation, the average amount of backscatter is proportional to the fourth
power of the frequency (i.e. Rayleigh scattering is expected to occur;
Greenlaw 1979). For organisms whose dimensions are in the Rayleigh region,
noticeably greater volume scattering (approximately 8 times) would be
expected for the 200 kHz system than for the 120 kl+z. Our results
demonstrated that the acoustic return at 200 kHz was indeed greater (e.g.
Fig. 42). Furthermore, the backscatter at 200 kHz would be expected to be
less sensitive to variations in the sizes of the zooplankters.

Since the net biomass was dominated by copepods at almost all places and
times, the potential confounding factor of
with correspondingly different weights and
(e.g. euphausiids Vs . ctenophores ) was
particularly when the 200 kHz data were used.

The following geometric mean regression
kHz system, was used to estimate biomass
hydroacoustic data were acquired, e.g. for

a mixed zooplankton assemblage
backscattering characteristics
not a significant problem,

equat”on, derived from the 200
5

(mg/m ) at places where only
analyses of the vertical and

horizontal distribution and patchiness along the transects:

Biomass (mg/m3) = 27.85 + (346.39) (volume scattering x 108).

Two important points should be considered when interpreting the results which
follow:

1. The above regression equation is only valid for copepod-dominated
zooplankton communities. In the present study, copepods were
generally dominant, particularly below the pycnocline;
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Seawater Oensi ty ( (g/c,n3)-1)  1000)
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Figure 41. Example of the vertical distribution of volume scattering (vZ/Ins)
during the continuous survey between Stations 8 and 9 (1116-1146
h on 8 September 1985). Seawater density [(g/cm3-1)1000]  is
shown for Station 8.
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Figure 42. Example of the horizontal distribution of volume
(V2/m3) during the continuous survey from

scattering
the continuous

hydroacoustic survey beween Stations 8 and 9 (1116-1146 h on 8
September 1985). Pycnocline strata (4–6 and 6-9 m) are excluded.
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2. A small portion of the VS values obtained during the surveys were
greater than the maximum value used to determine the regression
equation. High VS values occurred most frequently near Station 13
on Transect 4; these values may have been biased by the high
suspended sediment concentrations that were present at the time when
Transect 4 was studied.

Vertical Distribution.--Studies in other areas have shown that the
vertical and horizontal distributions of zooplankton in the water column are
patchy and dynamic in nature. They can be affected by numerous factors
including, but not limited to, light intensity~ food availability~
temperature and salinity. Typically, zooplankton is concentrated in patches
or layers that can vary widely in both extent (from 10s to 1000s of meters)
and thickness (from centimeters to 10s of meters).

The vertical distributions of zooplankton in the region were examined by
analysis of volume scattering data from various depths at stations where we
had also acquired zooplankton tows and vertical profiles of temperature and
salinity (Fig. 43). The VS data acquired during all tows at each station
were averaged and then converted to estimated biomass (mg/m3) using the above
regression relationship. Typically, the VS data from depths below the
pycnocline showed from one to three peaks (i.e. layers) at each station
(Fig. 43).

At stations in shallow water (<25 m), zooplankton layers 5 to 8 m thick
occurred at various depths throughout the water column (e.g. 7 and 12 m at
Station 1; 8 and 18 m at Station 2; 7 and 16 m at Station 7; 9 and 22 m at
StaEion 12). A total of eight zooplankton  layers were recognized at the four
shallow stations, excluding layers at or near the pycnocline (Fig. 43).
Within the eight layers, estimated biomass in the depth stratum with peak VS
ranged from 400 to 1450 mg/m3. However, the estimated biomass was 300 mg/m3
or more at virtually all depths below the pycnocline. Hence, a significant
amount of zooplankton was present in most of the water column at the shallow
stations. All of the zooplankton layers would be easily accessible to
feeding bowhead whales.

At stations in moderately deep water (Z6 to 60 m), zooplankton layers
occurred in the upper 35 m of the water column (Fig. 43). Bands were
approximately 5 to 8 m thick. Excluding results from Station 13, peak
estimated biomasses within layers below the pycnocline were 300-1100 mg/m3.
Between layers, the estimated biomass was generally 150-300 mg/m3. An
exceptionally dense band of acoustic return at Station 13 suggested that
there was a z oplankton layer approximately 15 m thick containing in excess

9
of 5000 mg/m (Fig. 43). However, analysis of the four net samples
collected concurrently at this station (one oblique and three h rizontal

?tows) produced relatively low estimates of biomass (17 to 82 mg/m ). The
reasons for this discrepancy are not certain, but may have been related to
acoustic interference from density gradients and suspended particles. This
pair of acoustic and net results was not used in the derivation of the
regression equation (cf. Table 8).—

AC stations in water >50 m deep, zooplankton layers were approximately
5 m in thickness. Below the pycnocline, estimated peak biomasses varied from
150 to 800 mg/m3. The densest zooplankton layers occurred at depths <2o
m, but layers of low peak density occurred at 45 m, 80 m and 85 m at Stations
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5, 4 and 10, respectively (Fig, 43). Between layers$ the estimated biomass
was generally 100-150 mg/m3.

In summary, the analysis of the vertical distributions of zooplankton
biomasses revealed several general patterns. Most zooplankton layers were 5
to 8 m thick at all stations across the study area, with the exception of the
questionable data from Station 13. Most of the dense zooplankton layers were
found in the upper 35 m of the water column. Only at shallow, nearshore
stations (water depth <25 m) did they occur throughout the entire water
column. Thus, most concentrations of zooplankton in the region, even in
waters over 100 m in depth, would be easily accessible to feeding bowhead
whales. Between layers, estimated total biomass of zooplankton below the
pycnocline was typically 100-300 mg/m3,

Horizontal Distribution.--Horizontal distributions of zooplankton along
each transect were investigated using the 200 kHz acoustic data. Although
data for Transect 1 were collected over a two-day period, and those for
Transect 2 over a four-day period, the data were considered as continuous for
this analysis. There were no pronounced changes in wind regime within these
two periods (see ‘Water Masses’ section).

The average zooplankton biomass (mg/m3) in the entire water column was
estimated for each 2-rein segment of transect. To do this, the acoustic VS
data from depth strata between the pycnocline and 50 m were weighted by
stratum thickness and averaged. The average VS data were then converted to
estimated biomass using the regression equation developed above. Each 2-rein
segment of transect was about 250 m long, based on the average boat speed of
7.4 km/h during transects.

The horizontal distributions of estimated zooplankton biomass along each
transect are shown in Figure 44. Over the inner portion of the continental
shelf, i.e. Stations 1-3 along Transect 1 and Stations 6-8 along Transect 2,
average biomasses were relatively high but variable (300-1500 mg/m3 and
100-2000 mg/m3, respectively). Over the outer portion of the continental
shelf, estimated mean biomass tended to be lower and more uniform (Transect
1, 40-300 mg/m3; Transect 2, 120-480 mg/m3; Fig. 44). Estimated mean
biomasses on Transect 4 were generally higher than those on Transects 1 and
2, especially near Station 13 (2500 mg/m3; Fig. 44). However, as pointed out
above, there was a large discrepancy between net samples and acoustic VS data
at this station, and these VS data may not represent zooplankton.

Along Transects 1 and 2, mean depth-integrated biomass appeared to
decrease with increasing water depth and distance from shore, while along
shortened Transect 4 the opposite was the case (Fig. 44). These apparent
horizontal variations in depth-integrated biomass may be at least partly an
artefact of increasing depth. The calculation involved averaging the
estimated biomass of zooplankton in the upper 50 m of the water column.
However, for virtually all 2-rein segments of transect, the depth stratum with
maximum estimated biomass was within the upper 35-40 m of the water column
(Fig. 45). Thus, the lower depth-integrated zooplankton biomasses in the top
50 m over the outer continental shelf were partially due to the scarcity of
zooplankton  below 35 to 40 m depths.
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Zooplankton Patchiness. --The 200 kHz VS data acquired during the
continuous broad-scale survey were used to assess zooplankton patchiness.
For this analysis, the VS data were obtained for successive 2-rein intervals.
Two minutes corresponded to approximately 250 m at a boat speed of 7.4 km/h.
For each transect, a matrix of estimated biomasses in 2-In depth strata and
250-m positional strata was developed. The data are presented as continuous,
although they were collected over a two day period on Transect 1 and over
four days on Transect 2. The depth strata near the pycnocline were not
included in this analysis. Because the hydroacoustic transducers were towed
near the surface (see ‘Validation of Sampling Methods’ section), no data were
available from the surface layer (O to 4 m depth).

Zooplankton patchiness along each transect is shown as contour plots of
estimated biomass vs. depth and location (Fig. 46). It should be noted that
the biomass categories represented by the contours are arbitrary. The
contours are only intended to show overall patterns. For example, although
the edges of the zooplankton patches appear to be abrupt, the edges were
actually rather diffuse (e.g. Fig. 40).

Nong Transect 1, zooplankton patches occurred throughout the water
column within the nearshore and inner shelf water mass% (i.e. between
Stations 1 and 3). Patches with density >1000 mg/mJ occurred most
frequently at depths less than 25 m (Fig. 46A). Patches appeared to be large
in horizontal extent but quite thin vertically. The high density patch
(>1000 mg/m3) near Station 2 was approximately 2500 m long and 5-10 m thick.
Zooplankton species composition within these nearshore and inner shelf
patches was probably similar to that found in net samples collected at nearby
stations: mainly ‘the copepods Calanus hyperboreus, C. glacialis and
Limnocalanus macrurus, with some contribution from the eup~ausiid Thysanoessa
raschii and the mysid Mysis litoralis in the nearshore water mass.

Offshore of Station 3 along Transect 1, zooplankton patches at depths
below 15 m were more discont”l.?jluous  . There were fewer areas of high
zooplankton density (>1000 mg/m ) over the outer than the inner shelf.
Net samples from zooplankton bands sampled at stations in these offshore
waters showed that most of the biomass was contributed by large copepods (C.—
hyperboreus and ~. glacialis).

Along Transect 2, there were fewer patches of concentrated zooplankton
in the nearshore and the inner shelf water masses (Stations 6-8) than had
been found along Transect 1. However, this area did include isolated patches
with high biomasses of zooplankton (>1OOO mg/m3). One such patch was
approximately 2000 m offshore of Station 6 at 5-10 m depth. Another was
near Station 7 between 15 and 20 m depth (Fig. 46B). Offshore of Station 8,
patches below the pycnocline were discontinuous and generally located between
depths of 10 and 45 m. An exception to this pattern was the area just
seaward of Station 8 where a large zooplankton patch extended from the
pycnocline  almost to the bottom on 8 September (Fig. 46B).

Zooplankton  species composition in patches along Transect 2 was probably
similar to that found in net samples taken at stations along the transect.
The dominant animals in most of these samples were the copepods Calanus
hyperboreus, C. glacialis  and Euchaeta glaciali.s,  the hydrozoan Aglantha
digitale, the- ctenophore Mertensia ovum, and the chaetognath Sagitta
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Figure 46A. Zooplankton patchiness, estimated from continuous hydroacoustic
sampling data, for Transect 1. Data recorded within and above
the thermocline  are excluded. Jagged vertical line indicates
change in date. The dashed line along the top indicates the
minimum depth sampled and the solid line at the bottom indicates
the maximum depth sampled or the sea bottom. Measurements made
in the pycnocline are not shown and are denoted by asterisks.
Note that the horizontal scale is very much compressed relative
to the vertical scale.

Figure 46B. Zooplankton patchiness along Transect 2. Plotted as in Figure
46A.



hoplankton  and tlydroacoustics  121

TRANSECT I
o

I

“1
m, ------------------------------------------------- , = = = ---------------------------- --------------------------- ---e.e  nn=T-rs,r-  ~s.~,nn  ~,~,mp-n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...,.,,,=--n -= - - - -  - - - - -  -----q  , - - - - - - - - - - - - - - - - - - - - - - - - - -  , = ----  ., - - - - - - - - - - -  ------.---  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -— — —  — — —  ———  ——.  ———  .-

,s.=.==  .= .===  :::~zq  :EZEEE  ;::.:,  :, .,,:  :::~~:  :::~::  :~:===  :, ..,.  :.,  ,,,  ,,  :,,,  ,,,  ,,,  ,,,  ,,,  ,,,  , , =  = = = =  , =  = = : =  ,= ====  ,=  =, = =  ,= =,== ,,  : = = =  , =  = = = =  .==
- - - - - - - - - - - - - - - - - - - - - - -  -----.  ,,  ==,=  ,=  = = = =  .= ====  ,= ====  ,=  = = = =  ,,,  ===  ,=  = = = =  ,==:~~~:::  ::=====  .= =====  ,= ==.,.  .:.  :,.  .-ti  -.-------  ==--,------.-..-.- ~----,fi  -i~--.--i~  -fi  - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

G !#_H:wmwl!fiw .g E
% g~ gg :m

15- ~~~~m~
20- a

g
z 25-
5 ESTIMATED BIOMASS A

c1 30 - LEGEND

4 0 - ❑ 1000-1500 mg/m3 Em=

J

~et No

+& E
m=,

K? Doto

A W

6 SEPT 1985 7 SEPT 1985

TRANSECT 2 I
o I

-%
5- _.— --- ----- -------- ~=----------% .Y:nn -=.Y---. ~:===== ,=, === ,= ===,= ,,, ===, ,, =,=== ,= :==== ,=, =,,- --------------------------- -.---— -----— — - —. -—--— ----------- --- . .-. --’------- .--=-.—---------------------- .= ==== ,,, ,,, ,, :.,,.  . . . . . . . ..: ,= ====, ,,, ,,= ,= ==,:= .= :==== ,, =,=== ,, ===== ,= ==,=----------------------

.---------------  .~=~=~= ~~:~:~= ~==~=y, .~,~=~=
lo- a

,==j=========-=qj= ==i=:==:

15- 13 RWERFV”
.,,., .

20 &
,, ,_ E=

g !#B ET
25

LEGEND - E

30- ■ >2000 m.alm3 E

35. ❑ 1500-2000 mglm3

❑ 1000-1500mdm3
A&$a&#ss=n

EERi
E

‘$o- ❑ 500-1000 mglm3

45 .  ❑  <500  mg/m3 o+
<

50~~ z

ST 6 ST 7 SJ 8 g

ST I ST 2 ST 3 I 1
..,- . ..I- .

Q, =
10 SEPT 1985

al 10
7 SEPT 1985 R SEPT 1985 I

CT e



TRANSECT 4
0

K.d

10

15

2 0

25

■  >2000 mg/m3
y~]:;:f;~  p:l  p:iw;[~\:
.,, ,,, !,,,,, .,, >, ,,, ,,, ,,, ,,

30- ❑ 1500 -2000 mg/m3

❑ 1000 -1500 mg/m3

35- ❑ 500-1000 mg/m3
o,~,2

❑  <500mg/m3 km

40 ~

ST II ST 12

Figure 46C. Zooplankton patchiness along

18 SEPT 1985

Transect 4. Plotted as in Figure 46A.

ST 13



Zooplankton and Hydroacoustics 123

elegans. No net samples were collected in the nearshore water mass along
this transect.

Along the inner shelf portion of Transect 2, zooplankton patches were
about the same size (i.e. 1000s of meters long and about 5 meters thick) as
those at similar depths on Transect 1. Some patches along the outer
continental shelf portion of Transect 2 were denser than those found along
corresponding parts of Transect 1.

Along Transect 4, the patterns of apparent zooplankton patchiness
differed from those on Transects 1 and 2 (Fig. 46C). Apparent zooplankton
biomass was generally higher along this transect than on the other two, and
the highest levels were farthest offshore. This water mass appeared to be
dominated by a large patch of high density (>1000 mg/m3). This apparent
patch was at least 22 km in length and 4 to 8 m in thickness (Fig. 46C). The
species composition of the plankton varied across this distance. At
nearshore Station 11 the main taxa were copepods (Limnocalanus macrurus, C.
hyperboreus and ~. glacialis),
(Mysis litoralis).

euphausiids (Thysanoessa raschii),  and mysi~s
At Station 12 the main taxa were the copepods (~.

macrurus, ~. hyperboreus  and ~. glacialis). At Station 13 near the north end
of the transect the main taxa were Arctic cod larvae (Boreo~adus saida).
amphipods (Parathemisto libellula),  pteropods (Spirateila {elicin~;ci
copepods (Calanus hyperboreus).

Bongo net sampling at stations along Transect 4, especially at Station
13, did not confirm that there were extensive patches of very concentrated
zooplankton (>2000 mg/m3) along this transect. As indicated earlier, we
suspect that some of the hydroacoustic return resulted from high suspended
sediment concentrations or other physical factors associated with the storm
that preceded our sampling along Transect 4. Thus , we believe that the
results in Figure 46C should not be accepted as indicative of zooplankton
distribution along Transect 4 ~il further validation of the hydroacoustic

.

gear under the conditions encountered in the present study area is done
during the 1986 field season.

In summary, along Transect 1 zooplankton patches were more abundant in
nearshore and inner shelf water masses (i.e. in areas <40 m deep) than in
outer shelf waters (i.e. areas >50 m deep). Almost all zooplankton patches
in the outer shelf waters of Transects 1 and 2 were within the top 35-40 m.
Although the sizes of patches varied
(i.e.

, most were quite extensive horizontally
1000s of meters in length) and 5 to 10 m thick. The highest biomasses

were generally just below the pycnocline. Along Transect 4 the pattern
differed; we found a single extensive convoluted patch; it may not have been
entirely attributable to zooplankton.

Along Transects 1 and 2, only a small fraction of the water contained a
high biomass of zooplankton. Ninety percent of the 2-rein (approx. 250 m) x 2
m segments contained an estimated biomass <500 mg/m3. Only 2% of segments
contained a biomass >1000 mg/m3, and only 0.5% of the segments contained
>2000 mg/m3 (Table 10).

These findings have important implications for bowhead whales. The
majority of zooplankters  were located in the upper 40 m of the water column
along the entire length of all transects sampled, and thus would be easily
accessible to feeding whales. In addition, feeding conditions may have been
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Table 10. Frequency of occurrence of
zooplankton biomass esti-
mated from hydroacoustic
data in 2-rein (approx. 250
m) by 2-m depth segments.
Samples above 7 m and
below 50 m in depth, and
those taken near the
pycnocline, are excluded.

Transects 1 and 2

Biomass Range No. of
(mg/m3) Segments %

O-249
250-499
500-749
750-999
1000-1249
1250-1499
1500-1749
1750-1999
2000-2499
2500-2999
3000-3999
4000-4999

>5000

Tot al

3617
1119
322
100
27
24
10
17
12
5
8
2
0

5263

68,7
21.3
6.1
1.9
0.5
0.5
0.2
O*3
0.2
0.1
0.2
0.0
0.0

100.0

better in the inner shelf than in the outer shelf areas since the zooplankton
patches were more abundant on the inner portion of the continental shelf
(depth <40 m). Most of the water contained quite low concentrations of
zooplankton (<500 mg/m3); locations with concentrated zooplankton were quite
scarce along Transects 1 and 2.

Caloric Content of the Zooplankton

The summer growing season for arctic phytoplankton  is short. During
this period the herbivorous zooplankters must store enough energy to enable
them to survive the long period of food scarcity in winter. Zooplankters
store energy in the form of lipids (Raymont 1983). In arctic zooplankters,
lipid content and thus caloric content is lowest at the end of winter and
highest at the end of summer (Lee 1974). Lowry and Frost (1984) suggested
that feeding in the Eastern Alaskan Beaufort Sea and elsewhere during late
summer and early autumn may be especially important to bowhead whales because
of the high energy content of zooplankton at that time of year. No data on
energy content of zooplankton had been acquired in our study area before
1985, so it was important to obtain such data during this project. Copepods
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the groups analyzed (Tables 11 and
12). Large copepods (>1.8 mm) had a significantly higher caloric content
than did small copepods (Table 11; t = 4.2, df = 25, P<O.001). This type of
size-related difference in caloric content of copepods has also been noted in
the North Atlantic Ocean and Bering Sea (Laurence 1976; Harris 1985).

Caloric content of Hyperiid amphipods was also high (Table 11).
However, caloric content of these animals was much lower at Station 13 (5453
~ s.d. 500, n = 3) than at the other stations (6929 + s.d. 519, n = 6). The
pteropod Spiratella helicina and crangonid zoea (larvae) had the lowest
caloric content of the organisms analyzed (Table 12). Caloric content of
chaetognaths, hydrozoans and ctenophores was not measured. As shown below,
these three groups together were relatively unimportant contributors to the
caloric content of the zooplankton in our study area.

To assess the relative caloric content of various major taxa in the
Eastern Alaskan Beaufort Sea, the data in Tables 11 and 12 were used to
convert wet weight to caloric content for each major group of organisms in
each bongo sample. Caloric content of three groups of relatively uncommon
zooplankters was not measured in this study. For chaetognaths, hydrozoans
and ctenophores,  water content and caloric content were estimated using data
from Frobisher Bay, N.W.T. (Percy and Fife 1980). For hydrozoans and
ctenophores combined, mean water content would be 96% and caloric content
would be 1900 cal/g dry weight. For chaetognaths, Percy and Fife’s (1980)
mean values of 90% water and 5090 cal/g dry weight were used to convert our
wet weights to caloric content.

Copepods accounted for 90% of the caloric content of zooplankton taken
in all samples. Large copepods, i.e. species and life stages whose mean
cephalothorax length was >1.8 mm, accounted for 81% of the total (Table 13).
Smaller copepods (Pseudocalanus spp.; Iiimnocalanus macrurus except adult
females; Calanus glacialis,  III and smaller; Derjuginia tolli, V and smaller;
Euchaeta glacialis, 11) accounted for 9% of the caloric content of all tows.
Hydrozoans, ctenophores  and chaetognaths accounted for 10.6% of the wet
weight of all zooplankton in the samples but only 1.6% of the caloric content
(Table 13). Similarly, mysids, euphausiids and amphipods accounted for 6.2%
of caloric content. Mysids and euphausiids were especially important at
Station 11, where they accounted for 19% of the caloric content of the
zooplankton taken in two samples below 1 m depth.

Dry weight of zooplankton averaged over all samples was 16% of wet
weight. This value is comparable to that found by most other authors
(Parsons et al. 1977; Ikeda and Motoda 1978), but it is much lower than
values used by Percy and Fife (1980). For example, the latter authors found
dry weight of copepods to k 29% to 38% of wet weight. These high values may
be due to differences in the methods used in measuring wet weight. Hence,
the wet to dry weight relationships of Percy and Fife for crustaceans should
not be used in interpreting data collected during this study. The wet to dry
weight relationship for gelatinous zooplankton reported by Percy and Fife
(1980) is similar to that reported in the literature (e.g. Parsons et al.
1977), and has been used in this study.

The average caloric content of zooplankton per cubic meter of water, as

indicated by the 43 bongo tows, was 259 + s.d. 290 cal/m3, with a range of
4-1313 cal/m3. Average caloric content of the zooplankton (cal/m3) was



Table 11. Wan caloric  ti water content (f s .d. ) of smll ad large coF@pcxls ad of Hygxxiid  amphipods in tl-e Alaskan
B?&fort %a in Septemkr 1985. Sample size is slmw in parentheses. W-’ Eans no data.

S1-Edl. (hp3pods  (<1.8 Inn) Large GqEpods (>1.8 mn) Hyperi.id  Aulphqmds

ca.L/g Cal/g @l./g
Transect Station dry wt. % water dry wt. Z water dry wt. % water

1
1
1
1
1
2
2
4
4

1
2
3
4
5
9

10
11
13

6841 * 288

7087 * 240

6210

6112
6119 * 241

(3) 83 t 2 (3)

(3) 83 f 3 (4)

(1) 85 (0

(1) 88 (1)
(2) 84 (1)

7353 ~ 246
7608 k 642
7166 k 698

7622
7502

7464 A 172
7323 k 269

(2) 81 A 3 (3)
(2) 80 t 3 (2)
(4) 83 t 2 (4)
(1) 85 & 3 (2)
(1) 83 k 1 (2)
(2) 77 * 1 (2)
(5) 84 * 2 (5)

6410 (1) 82 (1)

7330 A 611 (2) 78 * 1 (2)

7043 (1) 7; (1)
6731 t 540 (2) 80 + 2 (3)

5453 f 500 (3) 85 t 1 (4)

Total 6635 ~ 483 ( 10) 84 ~ 2 ( 10) 7368 i 406 (17) 82 * 3 (20) 6437 f 881 (9) 81 k 4 (11)

I-t
w
0m



Table 12. Mean caloric
taxa taken in
in September
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and water content (+ s.d.) of various zooplankton
plankton tows in the Eastern Alaskan Beaufort Sea
1985. Sample size is shown in parentheses. See

Table 11 for more details concerning copepods and hyperiid
amphipods.

Caloric Content
cal/g

dry wt. % Water

Copepods - small 6635 + 483 (10) 84+2(10)
- large 7368 *406 (17) 82 * 3 (20)

Hyperiid Amphipods 6437 +881 (9) 81 *4 (11)

Euphausiids 5170 * 175 (3) 79*4 (3)

Mysids 5125 A 612 (3) 83 + 2 (5)

Cod larvae 4838 *437 (5) 86*2 (8)

Liparid larvae 4668 (1) 86 (1)

Spiratella helicina 4533 * 23 (2) 86* 1 (2)

Crangonid zoea (larvae) 4214 + 399 (3) 91+2 (4)

Table 13. Wet weight, dry weight and caloric content of major groups of
zooplankton with their mean expressed as a percentage of the mean
total of all samples.

% Wet % Dry % Caloric
Taxa Weight Weight Content

Small copepods (<1.8 mm) 9.3 9.1 8.8
Large copepods (>1.8 mm) 68.7 76.0 81.0
Pteropods 1.4 1.2 0.8
Mysids 1.7 1.8 1.3
Euphausiids 2.6 3.4 2.5
Amphipods 2.2 2.6 2.4
Fish larvae 1.5 1.3 0.9
Hydrozoans and Ctenophores 8.0 2.0 0.5
Chaetognaths 2.6 1.5 1.1
Other taxa 2.0 101 0.7

Mean of all samples 230.4 mg/m3 37.5 mg/m3 259.0 cal/m3
~ s.d. 235.9 40.7 290.3
sample size 43 tows 43 tows 43 tows
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highest within bands of concentrated zooplankton  in the nearshore and inner
shelf regions including Transect 4, and in the water column as a whole at the
one nearshore station (Table 14). Caloric content was generally lowest in
surface waters above the pycnocline. Caloric content below the pycnocline
and outside the obvious bands of concentrated zooplankton was fairly high in
the inner shelf region, but quite low in the outer shelf region. A trend for
decreasing caloric content with increasing distance from shore was evident
both within and outside the bands, and it was also evident in the water
column as a whole (Table 14).

The average calculated caloric content per gram of zooplankton was 6583
* s.d. 670 cal/g dry weight (n = 43) and 1003 + 213 cal/g wet weight (n =
43) . The nutritional value of zooplankton in terms of cal/g wet weight was
highest in the nearshore and inner shelf areas. The lowest values were found
in the surface waters above the pycnocline, with the exception of a high
value at Station 1. Intermediate values were found over the outer shelf and
along Transect 4. Thus, with the exception of these results from Transect 4,
the nutritional value of the zooplankton was highest where biomass was
highest.

The caloric content of zooplankters from the present study area was
similar, in terms of cal/g dry weight, to values recorded in Frobisher Bay at
the same time of year (cf. Percy and Fife 1980). Caloric content of—
zooplankton sampled in the Canadian Beaufort Sea in late August 1985 (M.S.W.
Bradstreet, in prep.) was almost identical to that recorded here (Table 15).
One possible difference was that large copepods contained 500 cal/g more in
September (this study) than in August, although the sample size for August
was small. The caloric content of zooplankton in the Beaufort Sea and
I?robisher Bay was higher than values from the Bering Sea, Lancaster Sound and
the North Atlantic (Table 15). Some of these differences may be due to
seasonal effects. Zooplankters  store energy in the form of lipids (Raymont
1983). In Arctic Ocean zooplankters, lipid content is lowest at the end of
winter and highest at the end of summer (Lee 1974). Thu S , we sampled the
zooplankton at the season when their energy content was expected to be
highest. The samples from Lancaster Sound and the North Atlantic were taken
in July and August, and those from the Bering Sea were taken between spring
and fall.

Discussion

The study area represents the westernmost portion of the summer feeding
range for bowhead whales. During the arctic summer, July-August, few
bowheads have been observed in the region. By September, many bowheads have
begun a gradual westward movement from the Canadian Beaufort Sea; these
whales are still feeding much of the time. Feeding late in the season may be
especially important since it may be the last feeding period for several
months and the energy content of zooplankton is especially high at this time
of year. In relation to the Alaskan Beaufort Sea as a whole, the study area
appears to be a favored region since feeding bowheads have been identified
there each year since 1979 (Ljungblad et al. in press; this study). Feeding
in this region seems to be more frequent and prolonged than in areas farther
to the west.



Table 14. N&n w?t wight, dry tight ard caloric content of zooplankton  collected in vatious situations. @loric
contents per unit dry wight and wet height are also shwn.

Eryss
W2t hbight Dry Lkight percent Dry W2ight hkt Might Samplea
(%/m3) (ag/m3) of wst cal/m3 (@/g) (d/g) Size

Above l?’gcnocMne

Nkarstmre
Inner shdf
Outer shelf
Transect 4

Belou Pymocline

Within handsb
&arslmre
Irmer shelf
Guter shelf
Transect 4

Cutsick bardsb
N2arshxe
Inmsr shelf
Cuter sklf
Transect 4

‘I&al Water C&m

Fkarsh3re
limr sklf
Cuter shelf
Transect 4

131
4t5 &37
14*4
31 * 14

463
549 * 430
197 k 73
3g9&5fJ

280 f 81
91 & 63

82

487
~*54
133 * 55
210 f 147

21
6*5
2*O
4*2

77
93 * 75
33*12
65 k 44

80
33*7
21*9
34?25

16 149
13 36*34
13 11*1
11 19 * 10

17 511
17 667 * 545
L5 7437 ~ 83
16 443 f 317

16 3233103
14 92 f&3
16 86

16 538
16 226 f 45
15 145 f 65
16 2X f 170

7001
6(3(3 f 7]5
6171 * 686
5412 f 591

6646
7073 f 148
6906 f 5
6445 k 773

7042 * 39
6417 t 1015

6545

6760
6951 * 182
6986 k 152
6228 f 822

1145 1
815 f 200 3
798 t 286 2
596 t 167 3

1102 1
1171 * 96 5
1042 t 35 3
1045 t 203 5

0
1144 t 40 .3
913 * 301 4

1043 1

1107 1
1092 t 109 4
1078 * 75 4
972 t 230 3
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Table 15. Caloric content of zooplankton from the Arctic, Bering Sea and
North Atlantic.

cal/g dry wt.

Area Taxon Mean s.d. n

Late S~r Data

Alaskan Beaufort Sea Large copepods (>1.8 mm)
(this study) Small copepods (<1,8 mm)

Hyperiid amphipods
Mys ids
Euphausiids
Spiratella helicina
Cod larvae

Canadian Beaufort Sea Large copepods (>1.8 mm)
(Bradstreet, in prep.) Small copepods (<1.8 mm)

Hyperiid amphipods
Mys ids

Euphausiids

Frobisher Bay
(Percy and Fife 1980)

Calanus spp. (Iarge)a,c
‘misto libellulac
Euphausiid  T. inermisc
SDiratella Felicinad
Hyperoche medusarumc

7368 & 406
6635 + 483
6437 *881
5125 k 612
5170 * 175
4533 * 23
4838 * 437

68fj7 * 107
6840 * 163
6028 * 172
5369 * 359
5144 * 62

7690 * 310

5620 * 150
62~o * 460
4340 -J= 130
5fj80 * 500

(17)
( 10)
(9)
(3)
(3)
(2)
(5)

(3)
(11)
(3)
(4)
(3)

(4)

(6)
(5)
(3)
(2)

Other Seasona

Bering Sea
(Harris 1985)

Neocalanus cristatusa (jlf3fj  * 953 (8)
Metridia pacificab 5166 * 462 (3)
Average copepod

(average of 6 s~ecies) 5912
Hyperiid amphipods
Mysids
Euphausiid T. raschii
Spiratella  Tiel-

Lancaster Sound Calanoid copepodsa
(Bradstreet 1982) Parathemisto spp.

CO d larvae

5132 * 561 (9)
5268 * 416 (6)

(fall) 6231 * 351 (5)
2919 * 163 (5)

6535 * 834 (7)
5392 * 77 (4)
4373 * 1012 (3)

North Atlantic Calanus finmarchicusa 6425 * 187 (3)
(Laurence 1976) Pseudocalanus minutusb 5071 * 182 (3)

a Large copepods >1.8 mm.
b Small copepods <1.8 mm.
c September samples.
d August samples.
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Group and Species Composition

The group and species composition of the zooplankton communities are
similar in different areas of the Beaufort Sea and in various other arctic
regions. In most cases, copepods (particularly Calanus) contribute most of
the numbers and biomass. Hopkins (1969) found copepods were the major
contributors in the Arctic Surface, Atlantic and Arctic Deep layers,
representing 83, 85 and 89% of the biomass, respectively. Similarly in the
eastern high arctic, copepods constituted 79% of the total zooplankton
biomass in the upper 150 m of Lancaster Sound and 84% in the upper 150 m of
northwestern Baffin Bay (Sekerak et al. 1976a, 1979; Buchanan and Sekerak
1982). Copepods also dominate the zooplankton  community in the Beaufort Sea.
Grainger and Grohe (1975) found that they contributed over 90% of the
individuals in the Mackenzie Delta and Herschel Island area; Griffiths and
Buchanan (1982) found that copepods represented 72% of the biomass in the
outer Mackenzie Delta in 1981. Homer (1979, 1981), in a study conducted
along the Alaskan Beaufort Sea coast, reported that copepods contributed an
average of
community.
zooplankters

Other
zooplankton
euphausiids,

63% (range 3-91%) of the individuals ‘in the zooplankton
In the present study, copepods represented 87% of the individual
and 78% of the wet weight zooplankton biomass.

groups that occasionally contribute significantly to the
community include hydrozoans, ctenophores, amphipods, mysids,
chaetognaths, pteropods, decapods, fish larvae and larvaceans

(Hopkins 1969; Sekerak et al. 1976a, 1979; Homer 1979; Griffiths and
Buchanan 1982; this study). Any of the above groups may be locally abundant
and at times overshadow the importance of copepods. This type of variable
local abundance has been reflected in the stomach contents of bowhead
whales. For example, the average diet of eight bowheads taken at Kaktovik in
late summer consisted of copepods (66% of volume), euphausiids (31%), mysids
(1%) and amphipods (0.5%). At Barrow, euphausiids contributed 90% of the
diet of two whales taken in autumn, and 59% of the diet of four whales taken
in spring (Lowry and Frost 1984). Copepods contributed O-99.7% of the
stomach contents of the various whales.

In the present study the group structure of the zooplankton community
was similar to that of other arctic regions in general, and to the Beaufort
Sea in particular. The species composition of the major zooplankton groups
showed a similar pattern. For example, the five dominant copepod species in
the study area were Calanus hyperboreus, &. glacialis,  Limnocalanus macrurus,
Derjuginia tolli and Euchaeta glacialis. All have been reported commonly in
the Beaufort Sea (Grainger 1965, 1975; Homer 1981; Griffiths and Buchanan
1982), and most have been found in other arctic regions (Sekerak et al.
1976a, 1979; Buchanan and Sekerak 1982). In the present study, the other
major zooplankton groups were represented by only one or a few species. For
example, hydrozoans were represented primarily by Aglantha digitale and
Halitholus cirratus, ctenophores by Mertensia ovum, chaetognaths by Sagitta
elegans, mysids by Mysis litoralis,  euphausiids by Thysanoessa raschii,
amphipods by Parathem~libellula and fish larvae by Boreogadus saida. In
general, most of these species are common to arctic waters and to the
Beaufort Sea in particula-r  (Grainger 1965; Hopkins 1969; Sekerak et al.
1976a, 1979; Homer 1979, 1981; Griffiths and Buchanan 1982). Thus , in terms
of groups and species, the zooplankton community in the Eastern Alaskan
Beaufort Sea is not noticeably different from communities found elsewhere
along the Beaufort Sea coast and in other arctic regions.
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Density and Biomass

Comparisons of the standing crop of zooplankton within different areas
are confounded by patchiness in the abundance and distribution of
zooplankton, the wide variety of net and mesh sizes used in various studies,
and the fact that most authors report their results in terms of numbers
(densities) rather than biomasses. Despite these limitations, some general
patterns in zooplankton density in the Beaufort Sea have emerged.

Zooplankton is more abundant over the continental shelf than over deep
waters far offshore. Hopkins (1969) sampled zooplankton from ice islands T-3
and Arlis II in the Arctic Ocean north of the Beaufort Sea. He found the
Arctic Surface Layer (depths 0-200 m) to be more ‘productive’ (averages of 56
individuals /in3; 0.62 mg dry wt/m3) than either the Atlantic Layer (depths
200-900 m; 13 individuals/m3;  0.14 mg dry wt/m3) or Arctic Deep Water (depths
>900 m; 3-4 individuals/m3; 0.04 mg dry wt/m3). However, biomasses and
densities in all three layers were very low when compared with other areas.
In this study, we found a decrease in zooplankton biomass from the nearshore
area to the inner shelf to the outer shelf; we did not sample beyond the
shelf.

Density.--Zooplankton densities have been determined at many stations
over the continental shelf in the Alaskan and Canadian parts of the Beaufort
Seae Table 16 compares the abundances (no./m3) of the major zooplankton
groups collected in vertical or oblique tows during various studies in the
Beaufort Sea. Overall, the abundances are much higher than the 56
individuals/m3 reported by Hopkins (1969) for the Arctic Surface Layer of the
Arctic Ocean farther north. Thus, the southern margin of the Beaufort Sea is
apparently more productive than the Arctic Ocean in general. This is to be
expected since nearshore waters of the Beaufort Sea are relatively ice free
during summer, and receive a much higher input of solar energy, and of
nutrients from the land, than does the permanently ice-covered portion of the
Arctic Ocean.

Zooplankton abundance was higher off the Mackenzie Delta (avg: 1551
individuals/m3) than in the Herschel Island area (avg: 927 individuals/m3),
near Kaktovik in 1978 (avg: 137 individuals/m3), or in the present study
(avg: 239 individuals/m3). These figures include only taxa that were counted
during all four studies (Table 16). The seemingly higher abundances in the
Canadian Beaufort Sea may, in part, account for the fact that most Western
Arctic bowheads apparently spend most of the summer feeding in the Canadian
as opposed to the Alaskan Beaufort Sea. However, it must be stressed that
the results in Table 16 are not totally comparable since the confounding
factors of variable mesh size, tow type and sampling date cannot be
eliminated. A more useful comparison would be based on biomass rather than
numerical data.

Biomass. --Besides the present study, the Omy other extensive set of
infor~on zooplankton biomass in the Beaufort Sea has come from two
studies in the Canadian Beaufort (Griffiths  and Buchanan 1982; M.S.W.
Bradstreet, LGL Ltd., in prep.). These three plankton studies were all
conducted to document food availability to bowhead whales. Griffiths  and
Buchanan (1982) collected zooplankton opportunistically during August of 1980
and 1981 from a boat engaged in other work on bowheads. They were not able to
sample at systematically-selected stations. Their sampling locations and gear



Table 16. Abundance (no./m3) of major zooplankton groups collected during various studies in the Alaskan
and Canadian Beaufort Sea.
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types differed between 1980 and 1981; in 1980 they used mainly vertical tows
whereas in 1981 they integrated the results from horizontal tows at several
sampling depths. In contrast, zooplankton sampling was the first priority of
Bradstreet (in prep.). He sampled at pre-defined stations along transects
perpendicular to the Yukon coast. His sampling methods were very similar to
ours. Both Griffiths and Buchanan (1982) and Bradstreet (in prep.) sampled
within only a small portion of the nearshore and inner shelf waters of the
Canadian Beaufort Sea.

Average Biomass in Water Column: The best sources of data for
general comparison of the plankton biomass present in different areas and
years are oblique or vertical tows. Such tows were made in 1980 (Griffiths
and Buchanan 1982) and 1985 (this study; 13radstreet in prep.). From 1981, the
only available data are depth-integrated horizontal tows, whose comparability
to vertical and oblique tows is uncertain. All stations sampled in 1980-81
were ~40 m deep, and Bradstreet’s oblique tows in 1985 sampled only the top
10-35 m of the water column (although 8 of his 16 oblique tows were at
locations 52-171 m deep). For comparative purposes, the only Alaskan data
considered here were oblique tows in the nearshore and inner shelf zones, at
locations <45 m deep. Based on these data, mean zooplankton  biomasses show
some consi~tency between years and areas$ but there were also some noteworthy
differences:

Location Year Month mg/m3 n Source

SE Beaufort Sea 1980 August 476 12 Griffiths & Buchanan (1982)
1981 1-15 Aug 150 a 6 0,

,0 16-31 Aug 340a 5
,0

,, 1-31 Aug 237a II ,0

Yukon Coast 1985 Late Aug 210 16 M.S.W. Bradstreet (in prep.)
E AK Beaufort 1985 September 244b 8b This study

a 1981 means based on depth-integrated horizontal tows.
b Eastern Alaskan data consider only nearshore and inner shelf data, for

comparability with the other studies.

The results show that samples collected in the Canadian Beaufort Sea in
1980 contained a higher average biomass of zooplankton than those collected
in 1981 or 1985. In contrast, the average biomasses for shallow waters of the
Canadian Beaufort Sea in 1981 and 1985 and the Alaskan Beaufort in 1985 were
remarkably similar. However, the methodology for the 1981 study was not
comparable to that for the two 1985 studies. Also, in 1981 the average
biomass off the Mackenzie Delta apparently increased from early to lace
Augu S t . Thomson et al. (1986) suggested that this apparent increase was
attributable to increasing salinity and a reduced effect of the Mackenzie
River plume in late August 1981. In apparent contrast, in the Eastern Alaskan
Beaufort Sea the zooplankton biomass decreased with increasing distance from
shore (Table 17). It is possible, although unproven, that this was also
related to the increasing influence of Mackenzie Plume water with increasing
distance from the Alaskan shore.
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Table 17. P&m total bicmmss (ng/m3)  of zooplankton  collected bylmrizontal ard obliqw
kmgo tow during this study, and frun vertical tows in tk outer Mackenzie
Dslta (Griffiths and Buchanan 1982).

Water Pksses

Eepth of Inner Cuter Grand
mw F&rstrxe Shdf SMf Transect 4 E&xl

Illisstudy

Alx3ve Pycnocline Her. 130.6 45.9 14.1 31.4 55.5

Eelow Pycnocline

Distinct lxwrl Mr. 463.4 549.0 196.9 289.2 399.6

N3 distinct lxnrl Her. 280.1 90.7 82.1 151.0

Total Water tilum Cble 486.5 209.9 133.0 210.3 259.7

Oster Areas
of Ma&tie With

‘RIW Lklta Eow&*

Cx5ffitbs  ad Bxhanan (1982)

1980 Vert ● 476 558

1981 Hor.a 237 499

Wdumzie Plum water Arctic Water
of
Tow ~an*~(N) ~ -i~(N) ~

13rdstreet (in Pn2p.)

Surface Her. 59 * 147 (9) 449 &39 * 708 (11) 2141

Distinct Bands &r. 71 * 103 (5) 253 643 * 657 ( 14)b 2294
telow surface

Top l@35 m Obl. 202 * 227 (11) 783 170 (1) 170

a ~Pth–inte~at~ average for ~ k inter col~”
b Excluding samples within 1.25 m of t~ thwmmline.
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The differences between 1980 and 1981 results, the early and late August
1981 results, and the inner vs. outer shelf results suggest that zooplankton
biomass in the Beaufort Sea can vary between and within years, and between
locations. Consequently, any between-region comparisons, especially those
involving different years, must & viewed with much caution.

More specific comparisons of the results from this study and from
Bradstreet (in prep.) are warranted, since these two studies were conducted
in the same year, at almost the same time of yearj and with the same type of
sampling gear. Bradstreet sampled along the Yukon coast in late August 1985.
During late summer of 1983-85, many immature bowheads (<13 m long)
congregated and fed in that area (Richardson et al. 1985a; Davis et al.
1986a,b). Results of plankton sampling in that area, therefore, represent
plankton availability in a known bowhead feeding area.

Mean biomass in oblique tows taken off the Yukon coast at depths of O
to 10-35 m was 210 mg/m3 , which is only slightly lower than our value of 244
mg/m3 for nearshore and inner shelf stations (depths 10-45 m, Transects 1, 2,
4). The maximum biomass in any one oblique sample was 783 mg/m3 off the Yukon
coast, as opposed to 487 mg/m3 off Alaska. Copepods accounted for 86% of the
total biomass in the Yukon tows, vs. 75% in our nearshore and inner shelf
oblique samples (Table 18). The small brackish-water copepod Limnocalanus
macrurus was the dominant copepod off the Yukon, accounting for 68% of the
total zooplankton biomass there, vs. 22% at corresponding depths off Alaska.
The large copepods Calanus hyperboreus and Q. glacialis accounted for only
13% of the total zooplankton biomass off the Yukon, vs. 44% at our nearshore
and inner shelf stations. These results indicate that average biomasses of
zooplankton were similar along the Yukon and eastern Alaskan coasts in late
summer of 19859 but that the species composition differed.

Table 18. Dominant zooplankton taxa taken in oblique bongo net (0.5 mm) tows
in nearshore and inner shelf waters of the Yukon and Alaskan
Beaufort Sea, 1985.

Yukon Coasta Alaskan Beaufort Seab

mg/m3 % of total mg /m3 % of total

Copepods
Limnocalanus macrurus
Calanus hyperboreus
Calanus glacialis

Mysids
Euphausiids
Jellyfish and Ctenophores
Chaetognaths

181
144
15
12
8
2
7
4

86
68
7
6
4
1
3
2

182
54
78
27
7

10
22
6

75
22
33
11
3
4
9
2

Total 210 244
Sample Size 16 Sb

a M.S.W. Bradstreet, LGL Ltd., in prep.
b This study; Transects 1, 2 and 4 considering only stations at depths
<45 m.
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Biomass in Zooplankton  Concentrations: Food availability at locations
where zooplankton is most concentrated is probably of more relevance to
bowheads than are the above-noted average biomasses. We found that, at most
locations in the Eastern Alaskan Beaufort Sea, zooplankton biomass in one or
more thin layers was much higher than the average for the water column as a
whole. This was evident from both the hydroacoustic surveys and from
horizontal tows. Biomass within layers of concentrated zooplankton in the
nearshore, inner shelf and outer shelf zones averaged 463, 549 and 197 mg/m3,
respectively (Table 17).

As in this study, Bradstreet (in prep.) used a 200 kHz echosounder to
locate concentrated layers or ‘bands’ of zooplankton,  and then sampled those
bands by horizontal tows. Off the Yukon coast, average zooplankton biomass in
‘bands’ within the Mackenzie plume waters was low (71 mg/m3). These samples
were collected near the surface (4-6 m), and the results are comparable to
our results for Alaskan waters above the pycnocline (Table 17). Off the Yukon
coast, average biomass within bands in the Arctic Water Mass was 643 mg/m3.
This water mass is comparable to the water below the pycnocline  in our study
area. The average biomass found in this Arctic water off the Yukon was not
much higher than that found by us in nearshore and inner shelf waters off
Alaska. However, zooplankton biomass in the bands sampled within the outer
shelf waters off Alaska was considerably lower (Table 17).

Off the Yukon, horizontal tows were obtained through surface waters
(O-1 m deep). At stations where the surface water was Mackenzie Plume water,
the average biomass was low (59 mg/m3). At stations where the surface water
was Arctic water, the average biomass was much higher (889 mg/m3; Table 17).
We sampled surface waters (0.5-1 m) at only three stations off Alaska; the
average biomass was only 60 mg/m3 (n = 3).

Overall, only 1 of 31 horizontal tows in Alaskan waters revealed a
zooplankton biomass over 1000 mg/m3; in that case the biomass was 1099
mg/m3

. In contrast, 9 of 41 horizontal tows off the Yukon coast contained
>1000 mg/m3, including two cases with 2142 and 2294 mg/m3. Thus, high
biomasses apparently occurred more commonly off the Yukon coast than in the
Eastern Alaskan Beaufort Sea.

Biomass Near Feeding Bowheads: Plankton samples have been collected in
close proximity to feeding bowhead whales in the Canadian Beaufort Sea in
1980-81 (Griffiths  and Buchanan 1982) and in 1985 (Bradstreet, in prep.). The
former authors found that average zooplankton biomasses near whales were
somewhat higher than the regional mean (558 vs. 476 mg/m3 in 1980; 499 vs.
237 mg/m3 in 1981). These data were averages for the whole water column, not
within layers of concentrated zooplankton. Thus, they should be compared with
our oblique tow data, not our horizontal tows within zooplankton layers. The
average biomasses found near whales in 1980 and 1981 were similar to the
results of our one oblique tow in nearshore waters (487 mg/m3) , but
considerably higher than our averages for inner and outer shelf waters off
Alaska (209 and 133 mg/m3, respectively).

On one occasion, 18 August 1981, Griffiths  and Buchanan (1982) sampled
amidst a concentration of 20-30 bowheads that were skim-feeding near the
surface north of the Mackenzie Delta (see Wtirsig et al. 1985a for description
of feeding behavior). Biomass at the surface on this occasion was very high
relative to other surface tows, but not relative to typical biomass at deeper
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depths (216 + s.d. 86 mg/m3, n = 3). Indeed, biomass at 15 m depth on this
same occasion—was much higher than biomass at the surface (886 + 268 mg/m3, n
= 3). A high proportion of the biomass both at the surface (917) “and at 15 m
(78%) consisted of the copepods Calanus hyperboreus and ~. glacialis. It is
noteworthy that the biomass of these two copepod species was about 3.5 times
greater at 15 m depth than at the surface where the whales were feeding.

In 1985, Bradstreet (in prep.) sampled zooplankton at one specific
location where whales were feeding; a whale passed directly under the boat.
His echosounder showed a band of concentrated zooplankton at 8 m depth. A
horizontal tow in this band showed that its biomass was-about 2294 mg/m3, the
highest biomass found in any of the samples taken off the Yukon coast.
Surface biomass at this location was also high, 692 mg/m3. At a control
station 3 km away, biomasses at 8 and O m depths were much lower: 167 and 9
mg/m3, respectively.

The small copepod Limnocalanus macrurus dominated the zooplankton at
this bowhead feeding location (84% of zooplankton  biomass) and elsewhere off
the Yukon coast (Table 18). Adult fem~les of L. macrurus are 2 mm in
cephalothorax length; males and copepodites are smaller. Lowry and Frost
(1984) suggested that most of the copepods consumed by bowheads are at least
3 mm long, although some Pseudocalanus as small as 1.3 mm in cephalothorax
length were found in a few bowhead stomachs. Bradstreet’s results suggest
that bowheads sometimes feed specifically on copepods as small as 2 mm.
However, in the absence of stomach content data from the Canadian Beaufort
Sea this cannot be proven. The scarcity of small copepods in the stomachs of
bowheads examined by Lowry and Frost may reflect a scarcity of small
individuals at the places and times where Che small sample of whales was
harvested rather than an inability of bowhead baleen to retain small
copepods.

In summary, these results indicate that average zooplankton biomass in
the nearshore and inner shelf parts of the Eastern Alaskan Beaufort Sea may
not be greatly different from that in the Canadian Beaufort Sea. However,
peak zooplankton biomass at locations and depths where zooplankton is
concentrated may be somewhat less in Alaska than in parts of the Canadian
Beaufort Sea. It is emphasized that systematic data on this topic have been
collected only in 1985, and only at a small number of stations in each of the
two areas. When results from 1986 sampling programs in the Alaskan and
Canadian Beaufort Sea are available, along with the existing data, more
meaningful comparisons will be possible.

Zooplankton near Fronts

Oceanographic fronts were found in the study area during September 1985
(see ‘Water Masses ‘ section). We examined the physical and biological data
to determine if zooplankton  tended to accumulate along these features (Table
19).

Chlorophyll a concentrations ar the surface were very low on all
t r a n s e c t s  surveyez in our study area;  they exceeded  1 mg/m3  Only  in t h e

nearshore water mass of Transect 1 (Fig. 47 and 48). Average surface
chlorophyll concentrations were higher in the nearshore area than in the
inner and outer shelf water masses (Table 20). However, it should be noted
that, at least along Transect 2, chlorophyll a concentrations increased with
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Table 19. Oceanographic parameters
fronts, September 1985.
segments (each approx.

and zooplankton within and away from
Based on measurements within 15-min

1.85 km) of Transects 1 and 2. Each
segment was categorized as being within or away from the fronts
described in ‘Water Massest and shown on Figures 47 and 48.
Zooplankton biomasses were estimated by 200 kHz echosounder.

Within Fronts Away from Fronts

Mean s.d. n Mean s.d. n

Absolute temperature difference
over approx. 1.85 km (°C; sfc temp.) 0.3 * 0.2 (23) 0.1 ● 0.1 (32)

Salinity (O/OO; sfc) 27.0 + 1.8 (23) 26.5 * 2.4 (32)

Chlorophyll a (mg/m3; sfc) 0.58 * 0.36 (23) 0.46 * 0.37 (32)

Mean estimated zooplankton
biomass (mg/m3; total water column)a 270 * 159 (21) 279 k 178 (27)

Maximum estimated zooplankton
biomass at any depth (mg/m3)a 105O* 777 (21) 666 * 683 (27)

a Below the depth of the pycnocline

Table 20. barographic pmaneters

and above 50 m.

d zooplankton in different water masses,
Septemter 1985. Based on ~asur&nts within 15-rein segnmts (ea&
approx. 1.85 km) of Tra-cts 1 ad 2. ihplankton I&masses w5re
estimated by 200 ld+z echosounder. M *standard deviation ard sample
size are shxm.

Fkarskre -r Shelf @ter Shelf
&20 m 21-50 m 51-287 m

Sfctemp3rature  (“C) ().() + ().3 (6) 1.2 * ().5 (25) 1.9 *(3.5 (25)

Sfc salinity (0/00) 29.4 +1.0 (6) 28.1 ● 1.4 (25) 24.8 * 1.1 (25)

Sfc chlorophyll ~ (q#m3) 1.17 * 0.82 (6) 0.36 * 0.10 (25) 0.49 * 0.16 (25)

Man estimated zooplankton
biomass (mg/m3)a 542 * 207 (6) 269 * 150 ( 23) 198*66 (19)

Maximum zooplankton
bicmass (mg/m3)a 1681 * 936 (6) 755*747 (23) 662 * 490 ( 19)

a IHOW tke depth of tk pycnocline  ad above 50 m.
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Figure 47. Mean zooplankton biomass in the water column vs. chlorophyll,
temperature and salinity at the surface, Transect 1. Biomass was
estimated from 200 kHz hydroacoustic data, considering only the
depths below the pycnocline. Data are plotted for each 2-minute
transect segment. Chlorophyll ~, salinity and temperature values
are values recorded at 15 minute intervals. Also shown are the
locations of fronts I-IV as described in the ‘Water Masses’
section.
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depth (see Appendix 2). Perhaps because of the low concentrations and low
variability of chlorophyll a in the inner and outer shelf waters, no clear
relationships to frontal loc~tions were evident (Fig. 47 and 48; Table 19).

Frontal features shown by satellite imagery and airborne remote sensing
did not appear to extend beyond the depth of the surface mixed layer (see
‘Water Masses’, Fig. 21). Consistent with this, surface fronts did not
appear to affect average zooplankton biomass in the water column as a whole;
mean zooplankton biomass recorded during hydroacoustic  surveys was similar
within and outside frontal areas (Fig. 47 and 48; Table 19)

Examination of the maximum estimated zooplankton biomass at any depth
below the pycnocline, on the other hand , revealed some hints that fronts did
affect zooplankton. Maximum biomass averaged 50% higher within than outside
frontal areas (Table 20). Although variability was high, the difference was
marginally significant (t = 1.82, df = 46, l-sided p<O.05). The innermost
front marked the boundary between the warm freshened coastal water and cold
inner shelf waters (see ‘Water Masses’ section). A high maximum (and mean)
zooplankton standing crop appears to have been associated with this front
(Fig. 47-50). Overall, all but 3 of 14 noticeable peaks in maximum biomass
were associated with frontal features (Fig. 49, 50). Most of these peaks
were quite narrow in horizontal extent--much narrower than the four frontal
areas identified at the tops of Figures 47-49. The small horizontal and
vertical scale of the areas of peak biomass within frontal regions presumably
accounts for the failure to identify a strong ‘front effect’ in the broader-
scale averages shown in Table 19. Hydrographic mechanisms associated with
frontal features appear to have caused the zooplankton to be more
concentrated at certain depths and locations without greatly affecting
average standing crop over a broader region. Additional study is needed to
confirm this tentative result, and to identify the physical mechanisms
responsible for the local concentrations of zooplankton.

Geographic Variation within the Study Area

Zooplankton biomass in the nearshore water mass, as estimated from
hydroacoustic  data, was higher than levels recorded in inner or outer shelf
waters (Table 20). In the nearshore area, both the mean biomass in the water
column and the maximum biomass in any 2 m stratum below the pycnocline were
typically twice the values found in the other two regions (Fig. 49 and 50;
Table 20). The low temperatures and high salinities in the nearshore and
inner shelf areas of Transects 1 and 2 were apparently caused, in part, by
upwelling (see ‘Water Masses’ section).

It is possible that the lower zooplankton biomass on the outer
continental shelf was associated with areas overlain by the warm and
freshened Mackenzie River plume. There was a strong negative correlation
between surface temperatures and log transformed zooplankton biomass, as
determined from hydroacoustic data on Transects 1 and 2 (r = -0.67; n = 48).
Consistent with this, there was also a positive correlation between salinity
and log transformed biomass (r = 0.52; n = 48). However, it is uncertain
whether there was a causative relationship between the surface physical
parameters and the biomass of zooplankton below the pycnocline. The trend
might have arisen because (1) zooplankton  biomass diminishes toward the north
due to greater, average ice cover and reduced influence of upwelling, and (2)
surface temperature increased (and salinity decreased) due to the presence of
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the Mackenzie plume under prolonged east wind conditions (see ‘Water Massest

section). The coincidence of these two trends could have resulted in the
observed correlation even if there were no direct influence of surface
conditions on zooplankton biomass below the pycnocline.

Although zooplankton biomass levels in the study region are relatively
low, the vertical and horizontal distribution patterns revealed by the hydro-
acoustic sampling have important implications for bowhead whales. Most of
the zooplankton is concentrated into thin layers within the upper 40 to 45 m
of the water column , making it readily accessible to feeding bowheads. This,
coupled with the high caloric content of the zooplankton (primarily copepods)
in late summer, could account for the fact that some bowheads feed in the
area each year during the westward return migration in September and
October. The higher biomass and caloric content of zooplankton in the
nearshore and inner shelf portions of the study area may account for the fact
that many of the observations of feeding bowheads in the region have been in
shallow waters, and none of these sightings have been north of the shelf
(Ljungblad et al. in press; see ‘Bowheads’  section of this report).

Average zooplankton biomasses in nearshore and inner shelf portions of
our study area were similar to those along the Yukon coast in 1985, but
higher zooplankton biomasses were found at some locations along the Yukon
coast than at any location in our study area. Results from the planned 1986
studies in the Alaskan and Canadian Beaufort Sea should help to determine
whether this geographic difference in zooplankton availability is a regular
phenomenon. Many bowhead whales remained along the Yukon coast well into
September 1985 (Davis et al. 1986b) and even into early October (LGL unpubl.
data). Very few bowheads were in our study area until late September in 1985
(see ‘Bowheads’ section below). Results from 1986 should also help determine
whether bowhead distribution and movements are closely related to geographic
and annual variations in zooplankton abundance.
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BOUHEAD DISTRIBUTION, NUMBERS AND ACTIVITIES

Introduction

The Western Arctic population of bowhead whales migrate westward through
the study area in early autumn while en route from their main summering areas
in the Canadian Beaufort Sea to their wintering grounds in the Bering Sea
(Fig. 1). Aerial surveys in recent years have shown that a few bowheads occur
in the study area during August of some years, but that bowheads do not
become common there until September. Migration through the area is largely
completed by mid October (Ljungblad et al. 1984a, 1985a). Particularly during
the early stages of westward movement through the study area$ some of the
whales do not travel strongly and consistently westward. At least some whales
continue to feed at this time. Up to 1984, definite observations of feeding
bowheads within the study area were confined to waters less than 200 m deep,
and mainly to waters less than 50 m deep (Ljungblad et al. in press).
However, based on repeated sightings of bowheads (not necessarily the same
individuals) in certain areas over periods of days, it is possible that
feeding sometimes occurs in deeper waters (LGL and Arctic Sciences 1985).

To determine the extent and nature of utilization of the study area by
feeding bowheads, it is necessary to determine how many bowheads are present
at various times in the late summer - early autumn period. It is also
necessary to determine the activities of these whales, including the
proportion that are feeding and the nature of feeding (e.g. near-surface,
water column, near bottom).

Previous aerial surveys have provided valuable data on
timing of bowhead movements through the study area, and some
feeding. However, utilization of the study area has not been
quantitative basis:

1. The average distribution and timing of occurrence

the routes and
observations of
documented on a

of bowheads in
the study area are relatively well known (Ljungblad et al.
1980-85b; Richardson et al. 1985a). However, distribution and times
of occurrence within the study area vary somewhat from year to
year, and cannot be predicted in advance. For example, whether or
not significant numbers of bowheads will be present in August of
any given year is not predictable at this time. Variation in ice
cover is believed to affect the timing and routes of autumn
migration (Ljungblad et al. 1984a). We hypothesize that some of the
remaining variation is related to annual and seasonal differences
in food availability within and east of the study area.

2. Aerial surveys by Ljungblad et al. (1980-85a) have documented the
relative numbers of bowheads in various parts of the eastern
Alaskan Beaufort Sea during different years and months. However,
absolute numbers of whales within the study area have not been
estimated for any specific time. Absolute estimates are difficult
to obtain because allowance must be made for the many whales that
are inevitably missed during aerial surveys. To do this, correction
factors must be determined to allow for whales at the surface but

* By W. John Richardson, B. Wtirsig,  G.W. Miller and G. Silber.
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not seen, and for the many whales below the surface as the survey
aircraft passes. Such correction factors have been derived for
aerial surveys of the Canadian summering grounds in 1981 (Davis et
al. 1982), but not for other areas or years.

3. The composition of the whale groups that feed within the study area
has not been studied, aside from observations of mother-calf pairs
that were widely distributed in the study area throughout the
period when bowheads are present (Ljungblad et al. 1980-85b; LGL
and Arctic Sciences 1985). Recent photogrammetric  data from feeding
areas in the Canadian part of the Beaufort Sea show that bowheads
sometimes segregate strongly by size, and thus by age and breeding
status (Davis et al. 1983, 1986a,b). It would be important to know
whether a disproportionate number of the bowheads feeding in the
study area are from one segment of the population. Information
about the composition of the whales utilizing the study area
will also be important in assessing the food requirements of
bowheads feeding there; food requirements differ considerably
according to whale size and breeding status (see ‘Energetic of
Bowheads’ section, beyond).

4. Residence times (and turnover) of individual whales in the study
area as a whole, and in specific feeding locations, are unknown.
For example, the study area might be used by a rather low number of
bowheads that feed there for prolonged periods, or by larger
numbers of bowheads that each feed there for only a brief period.
In the former case, the study area might be a feeding area for only
a few whales, but might provide a significant fraction of the
annual food supply for those few individuals. In the latter case,
the study area would be less important as a feeding area for any
one individual.

5. Stomachs of several whales taken near Kaktovik during the autumn
hunt contained mainly copepods and euphausiids.  However, little is
known about where in the study area or in the water column these
prey are taken. For whales within the study area, the amounts of
time devoted to skim-feeding at the surface, near-bottom feeding,
and water column feeding are not known. The numbers and durations
of feeding dives of each type are unknown, as is the volume of
water filtered during an average dive or an average day.

As part of the 1985 study of bowheads in the eastern Alaskan Beaufort
Sea, we conducted aerial surveys to determine the seasonal distribution of
bowheads in the study area, including their distribution relative to
oceanographic factors and food availability. We also obtained aerial
observations of bowhead behavior to evaluate the proportion of the whales
that were feeding, feeding modes, and other aspects of behavior. Data on the
durations of surface-dive cycles were acquired to assist in deriving a
correction factor for submerged whales missed during aerial surveys.
Calibrated vertical photography was used to determine the sizes of the whales
utilizing various parts of the study area. Because many bowheads are
individually recognizable from natural markings, the photogrammetry program
also provided refighting data, and thus helped determine whether specific
individuals lingered in certain preferred feeding areas. We were prepared to
radio-tag several whales to provide additional data on residence times within
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feeding areas and on feeding behavior. However, concentrations of feeding
bowheads were absent from the study area during the period when boat-based
work was possible, so radio-tagging was not possible in 1985.

Methods

All aircraft work was done using a DHC-6-300  Twin Otter aircraft, which
was based at Kaktovik from 4 September to 3 October 1985. The Twin Otter is a
high-wing aircraft powered by two turboprop engines. The aircraft was
equipped with wingtip fuel tanks for extended endurance, a GNS 500A Very LOW
Frequency navigation system, a radar altimeter, an inverter for 120 v/60 Hz
power, three bubble windows (right center, left center, left rear), and a
ventral camera port. During the first half of September 1985, airborne remote
sensing equipment was also aboard the aircraft (see ‘Water Masses’ section,
above ).

Systematic and Reconnaissance Surveys

Systematic Aerial Surveys.--During September 1985, we attempted to
conduct weekly surveys of the southern 2/3 of the study area (from the shore
or barrier islands north to the 2000 m depth contour). Because previous
observations of feeding whales within the study area were in water <200 m
deep, more effort was devoted to the 0-200 m depth stratum (continental shelf
zone) than to the 200-2000 m stratum (continental slope zone). A series of
transects was established within each of these two strata.

Transect positions were randomized and transects were oriented roughly
perpendicular to the depth contours to ensure that density estimates would be
unbiased (Eberhardt 1978; Anderson et al. 1979). The shelf zone was divided
into 12 strips 10.6 km wide (plus a triangular 13th strip). The slope zone
was divided into eight strips 18.5 km wide. Within each strip, one transect
was selected at random (Fig. 51). The 13 ‘continental shelf’ transects
totalled 832 km in length; the eight ‘continental slope’ transects totalled
428 km in length.

Systematic surveys of the shelf area were completed four times, on 5-6,
‘12-13, 18 and 25-27 September. Fog precluded a survey of the continental
slope on or near 5-6 September, but much or all of the slope area was
surveyed on 12, 19-21, and 27 September.

Surveys of these transects were at an airspeed of 200 km/h. Survey
altitude was 305 m above sea level when the ceiling permitted, or at 153 m
a.s.l. when the ceiling was too low to allow surveys at 305 m. On the right
side of the aircraft, two observers were always present, one in the
co-pilot’s seat and another adjacent to a bubble window two seats farther
back. On the left side, one observer was adjacent to a bubble window two
seats behind the pilot, and another observer was sometimes present in a rear
seat. For each bowhead sighting, the position, time, number of whales,
presence of calves, heading, estimated speed, and lateral distance from the
flight line were dictated into a tape recorder. Lateral distances were
measured with Suunto inclinometers when the whale’s position was 90° to the
left or right of the flight track.
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Because few bowheads were detected during systematic surveys in 1985,
line transect methodology could not be applied to estimate bowhead
densities. Instead, we used strip-transect methods. Based on the results of
Davis et al. (1982), we defined on-transect sightings to be those at lateral
distances 100-1100 m when survey altitude was 153 m, and at 200-1200 m when
survey altitude was 305 m. Thus, transect width was 1 km on each side of the
aircraft, or 2 km in total. The 200 m or 400 m strip directly below the
aircraft was considered to be off-transect, since sightability is reduced in
this zone even when observations are through bubble windows.

The two right-side observers observed independently; their sightings
were not announced to other observers. This was done to develop a correction
factor for missed whales, based on the method of Magnusson  et al. (1978) as
applied to bowheads by Davis et al. (1982). This calculation is based on the
number of whales that are sighted by only one observer vs. the number seen by
both observers. Because there was a bulkhead between the two right-side
observers, neither observer received any visual cues indicating that the
other observer had seen a bowhead. When a bowhead was seen on the right side
of the aircraft, it was not possible to circle to obtain more detailed
observations, since this would have required notifying the other right-side
observer that a bowhead had been seen. However, when a bowhead was seen by
observers on the left side, the sighting was announced and the aircraft
circled, usually once.

Reconnaissance Surveys. --In addition to the three or four systematic
surveys of the slope and she lf strata, we conducted numerous other
reconnaissance surveys in these areas from 5 September to 3 October 1985.
These reconnaissance surveys were done while we were searching for whales for
purposes of behavioral observations and photogrammetry.  The great majority of
the bowhead sightings during this project were obtained during the
reconnaissance flights, which were concentrated in areas where the
probability of whale sightings was highest. The flight lines and sightings
are presented later in this section.

While the boat chartered for this project was moving along its transects
during the 4-18 September period (Fig. 28), an observer maintained a watch
for bowheads when visibility was adequate. No bowheads were seen along the
boat transects.

Supplementary Survey Coverage by Other Projects.--Several other studies
of bowhead whales in the Canadian and Alaskan Beaufort Sea were
conducted during the late summer and autumn of 1985. Some of these studies
included aerial survey coverage of parts of our study area. Reports
documenting the results from most of those studies are not yet available.
However, flight line and sighting data from all of the other projects were
available for our use, and the results are mapped here.

Surveys by the Naval Ocean Systems Center (NOSC) for MMS were
coordinated with our surveys to provide some coverage of deep waters north of
the area surveyed by us, as well as some additional coverage of the areas
where we worked. NOSC also obtained some coverage of our study area in August
and October, before and after our study period. The NOSC coverage was of
three types:
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1. Randomly-located transects oriented roughly north-south, surveyed by
a Grumman Goose aircraft. On two days (12 and 19 Sept 1985), NOSC
obtained survey coverage of much of the extreme northern section of
our study area (depth >2000 m), and on several other days NOSC
obtained some coverage north of the 2000 m contour.

2. Additional reconnaissance surveys by the Goose aircraft, including
ferry flights to, from, and between the randomly–selected transects.

3. Reconnaissance surveys by a Twin Otter aircraft that searched in
areas where bowheads were especially likely.

Our ‘supplementary coverage’ maps show
bowhead sightings within the mapped area
period 1 August to 20 October 1985. The
area on 37 days within the 1 August to 20
flew into that area on 10 days within the

Several industry-funded studies of

all of the NOSC flight lines and
(approx. 139°W to 145°W) during the
NOSC Goose aircraft flew into that
October period. The NOSC Twin Otter
11-27 September period.

bowheads conducted by LGL in 1985
were mainly concerned with areas east or west of our study area-, but provided
additional aerial reconnaissance of parts of our study area. Within the 1
August to 20 October period, this coverage included the following:

1.

2.
3.
4.

Flights in Flights in
mapped ‘official’
area study area

Photogrammetric  flights near east edge of
area, 14 Aug - 8 Sept (Davis et al. 1986b) 4 3
Inuvik-based reconnaissance flights in October 9 6
Deadhorse-based “ ,, ,0 ,, 2 2
Systematic surveys near west edge of area,
5 Sept - 20 Ott (McLaren et al. 1986) 21 3

For each of these studies, flight lines and sightings within the area
considered in this report are shown on our ~supplementary  coverage’ maps.
These data are taken into account in our chronological description of the
seasonal occurrence of bowheads in the eastern Alaskan Beaufort Sea during
autumn 1985. Detailed reports on studies (2) and (3) are expected to be
available later in 1986.

Also , two systematic aerial surveys of the Canadian Beaufort Sea were
conducted in late August and early September 1985 by ESL Environmental
Sciences Ltd. (Duval et al. in prep.). Their survey coverage, reconnaissance
coverage, and bowhead sightings west of Herschel Island (18 and 19 Aug; 11
Sept) are included in our ‘supplementary coveragef maps.

Behavioral Observations

On eleven occasions, we used the aerial observation procedures described
by Richardson et al. (1985b) to observe the behavior of bowheads (Fig. 52).
Four observers in the Twin Otter aircraft circled high above the whales.
Aircraft altitude was 457 m or (on 13 Sept) 61O m, either of which is high
enough to avoid significant aircraft disturbance (Richardson et al. 1985b).
Airspeed during circling was about 155 km/h. In open water situations, dye
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Figure 52. Locations where behavior of bowheads was observed, and where
calibrated vertical photographs were acquired, September 1985.
When there were two behavioral or photo sessions on one date, the
sessions are designated A or B (see Table 30 and 32, beyond).
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markers (fluorescein solution in a plastic bag that burst upon impact with
the sea) were dropped to identify the approximate position of the whale
during dives. When ice was present, dye markers were usually unnecessary.

The 11 behavioral observation sessions were 0.48-2.82 h in duration, and
totalled 15.18 h. Five sessions were within the ‘official’ study area, as
outlined by the dashed lines on Fig. 52. Two sessions were slightly to the
east and well offshore. Four sessions were slightly to the east and within 3
km of shore near Komakuk (Fig. 52). In analyses of behavior within the
official study area, we included the two offshore sessions just east of the
study area, since sea conditions, ice, and whale activities there seemed
similar to those farther west within the official study area. However, we
often treated the four nearshore sessions close to Komakuk separately, since
few if any whales within the official study area were lingering in any
corresponding nearshore area. The estimated number of whales within the
specific area being circled and observed ranged from 1 to about 10; the
number of whales within the general area around the circling aircraft ranged
from about 3 to 40. Water depths at observation locations were usually about
8-50 m, but the depth was 280 m at one location. Sea states were O-3 but
usually 1. Ice cover at the 11 observation sites ranged from O to 100% grease
ice, and from O to 65% thicker ice.

Throughout each observation session, two observers on the right side of
the aircraft dictated behavioral observations into a tape recorder, and a
third observer on the right side operated a video camera whenever whales were
at the surface. The fourth observer, on the left side, watched for whales
‘outside y the area being circled and operated sonobuoy receiving equipment
(see below). During each surface/dive sequence, we recorded the same
behavioral variables as in our previous behavioral studies (Wiirsig et al.
1984, 1985a; Richardson et al. 1985b). In addition, we attempted to estimate
the net distance traveled during dives, i.e. the distance between the
location where an identifiable individual dove and the location where it next
surfaced.

Behavioral data were transcribed from audiotape between flights, and the
videotape was examined for details not noted during the real-time behavioral
dictation. The combined data were coded numerically in the same way as during
our previous work. These records were hand checked, and then entered into an
Apple II+ microcomputer for computerized validation and analysis. In total,
248 surfacing and 31 dive records were obtained during this study. Of these,
137 and 7 were obtained under ‘presumably undisturbed’ conditions. Of the
remaining ‘potentially disturbed’ records (111 surfacings and 24 dives), most
were obtained in the presence of noise from distant seismic vessels. Because
surfacing, respiration and diving behavior of bowhead calves (<1 yr old) is
considerably different than that of older ‘non-calves’ (Wursig et al. 1984,
1985a), most of our behavioral analyses exclude our few data from calves.

Measurements of Underwater Noise--- During 9 of the 11 behavioral
observation sessions, underwater sounds near the whales were monitored by
sonobuoys (AN/SSQ-57A, Sparton Electronics). Hydrophore depth was 18 m on
five occasions when water depth allowed. However, during the four observation
sessions in shallow water near Komakuk (12, 13, 23, 24 Sept), we used
specially modified sonobuoys with a 9 m hydrophore depth setting. Sonobuoy
signals were received and recorded aboard the aircraft via calibrated
equipment (Greene 1985).
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Industrial sounds audible on the sonobuoy recordings were analyzed by
Greeneridge Sciences Inc. using their standard analysis methods for these
types of sounds (Greene 1985). Three types of results were derived:

1. Power spectrum graphs showing spectrum levels vs. frequency$ along
with levels in various standard bands;

2. Waveforms and peak levels for pulses from distant seismic survey
vessels;

3. Waterfall graphs showing the rapid changes in frequency content of
seismic pulses.

No specific analysis of the bowhead calls audible on the sonobuoy tapes was
needed for our purposes, but we did take note of the occasions when calls
were and were not detected.

Radio Telemetry*

Radio tagging was planned for two primary purposes: (a) to de~ermine how
long whales remain in a feeding area, and (b) to provide behavioral data on
surfacing/dive sequences and small-scale movements within feeding areas ~
including data on behavior at night. The tags might also provide data on
longer distance movement patterns, although this was not a primary
objective. J. Goodyear, a member of the boat crew, provided two types of
small radio tags that can be deployed onto whales by crossbow from distances
up to 25 m.”

The primary type of tag was a small (7 x 1,6 cm) custom-built ‘capsule’
tag that penetrates no more than 8.5 cm into the blubber, leaving only a fine
wire antenna (2 mm x 50 cm) protruding from the surface. The electronic
components consisted of a 148 MHz telemetry transmitter with high-impact
crystal (L & L Electronics or Telonics). Tangs protruded laterally near the
front end of the capsule, and were angled backward to hold the tag within the
blubber. Maximum attachment time has not been tested, but up to several weeks
or possibly months is expected. Battery lifetime is several weeks. Capsule
tags have been tested on fin whales (Goodyear et al. 1985) and a humpback
whale (J. Guerrero,  pers. comm.); these whales have not reacted noticeably to
the deployment. Also, capsule tags were used successfully on gray whales
during early 1986 (S. Swartz,  pers. comm.; J. Goodyear, pers. ohs.). The main
advantages of the capsule tag are (a) its small size, (b) its relatively long
lifetime, and (c) the fact that the antenna is the only part that remains
external to the surface of the whale. The last point should be an important
advantage in the case of bowheads, which often move amidst ice.

For backup purposes, we were prepared to use Goodyear’s well-tested
‘remora’ tags. The remora tag is about 16 cm long, 2.5 cm in diameter, and
attaches to a whale via a rubber suction cup 8 cm in diameter. Tags of this
design have been used on humpback whales (Goodyear 1981, 1983), fin whales
(Goodyear et al. 1985), and gray whales (J. Guerrero, pers. comm.).  The main
limitation is the short attachment duration; about 80 h has been the longest
to date. Thus, remora tags are useful in short-term studies of individual

* Prepared with assistance from J. Goodyear.
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behavior, but less suitable for studies of residence time and long-distance
movements. Advantages of the remora design are that these tags float after
detachment from a whale and can be recovered for reuse, and that the
attachment makes no incision or mark on the whale.

Both types of tags can be monitored from either a boat or an aircraft.
In this study, the ‘Annika Marie’ was equipped with a manually rotatable
Yagi-Uda antenna system; the bearings of whales (relative to boat heading)
would be determined by use of a compass wheel mounted on the pole holding the
antenna. The boat was expected to be of primary value for fine-scale
monitoring of the behavior of whales in the day or two after tagging. The
project aircraft was equipped with two 3-element Yagi-Uda antennae for
detection and tracking purposes. Telonics TR-2 receivers were used aboard
both the boat and the aircraft. During one transmission test during this
project, radio signals from a capsule tag were received aboard the survey
aircraft at range 70 km when the aircraft was at altitude 550 m. In addition
to the primary project aircraft, several other aircraft involved in different
bowhead studies off northern Alaska were equipped to monitor any tagged
whales. The various aircraft were expected to be of primary value for
relocating tagged whales and for determining their residence times and
movements over periods of days.

Because very few bowhead whales were present within the study area
during the ice-free part of the field season, there were no opportunities to
radio tag whales within a concentration of feeding whales. One attempt was
made to tag a single bowhead, but conditions were not favorable and it was
not possible to approach closely enough to deploy the tag. We remain
convinced that the tagging approach described above would be successful if
applied in an area where bowheads were concentrated and feeding.

Photogrammetry

We photographed bowhead whales using the calibrated vertical photography
technique of Davis et al. (1983). There were two objectives:

1. To re-identify individually recognizable whales and thereby obtain
data on their residence times in feeding areas and their movements
between locations. The between-day refighting data presented here
include resightings in this project of whales first photographed
during LGL’s other photogrammetry projects, as well as whales that
were sighted more than once during this project.

2. To obtain measurements of the sizes of whales in different parts of
the study area.

Field Procedures. --Vertical photographs were obtained at the end of 8 of
the 11 behavioral observation sessions and on two other occasions (Fig. 52).
During behavioral observation sessions, the aircraft circled at altit~de 457
m or more. At the end of eight of those sessions, the aircraft descended to
lower altitude and attempted to photograph the whales that had just been
observed. During photo sessions, the aircraft flew back and forth above the
group of whales at an altitude of about 145 m, attempting to pass directly
over whales when they were at the surface. Photographs were taken with a
hand-held Pentax 6x7 cm camera with 105 mm f2.4 lens pointed vertically
downward through a camera port in the floor of the aircraft. The majority of
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the photographs were on Ektachrome 200 color slide film. However, when
lighting was poor (i.e. under heavy overcast or late in the day), we often
used Ilford XP1 black and white negative film pushed to ASA 1600 and exposed
through a yellow filter. Shutter speed was 1/500 s. As each photograph was
taken, the altitude of the aircraft was read from a radar altimeter. TWO

identical camera/lens systems were used; the system used for each roll of
film was recorded.

On two occasions, the same approach was used to obtain calibration
photographs of a target of
session, at least five photos
of the two film types and the

Measurements. --Images of
from the processed film to

measured dimensions. During each calibration
of the target were taken with each combination
two cameras.

both targets and whales were measured directly
the nearest 0.01 mm using a Zeiss binocular

dissecting microcope and a stage micrometer. The average of three blind
replicate measurements was used to calculate the dimensions of the target or
whale using the following equation from Jacobson (1978):

Altitude x Image size
Calculated length =

Focal length of lens

The dimensions as calculated from the above formula were then corrected for
distortion caused by aircraft motion (image elongation and focal plane
shutter effects; see Davis et al. 1986b).

Calculated target sizes
known target measurements to

Actual length =

(corrected as above) were regressed against the
give the following regression equation:

(Calculated length - 0.03) / 0.99513

This equation corrects for any systematic biases, e.g. in the altitude values
derived from the aircraft’s radar altimeter. The equation was used to convert
calculated whale lengths to actual lengths. Davis et al. (1986b) provide
additional information about the corrections that were made, validation
analyses, precision and repeatability.

The quality of the measurements varied from one photograph to another
because of the varying postures of the whale and changing sea state and
lighting conditions. The repeatability of each measurement was assigned a
grade from 1 to 6, following Davis et al. (1986b). A grade 1 measurement was
the highest quality measurement.

Individual Identification.--The 10 photographic sessions provided a
total of 267 images of bowhead whales, 258 of which were of a quality
suitable for printing. Each of the 258 printed whale images was assigned a
re-identification  grade, as in previous studies (Davis et al. 1983,
1986a,b). Photographs of whales that would be recognizable in another photo
of similar or better quality taken in another year were grade A. Photos of
whales that would be recognizable in a photo of similar or better quality
taken the same day or within a few days were grade B. Photos of whales that
probably would be unrecognizable in any other photo of similar or better
quality were grade C.
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The grading of prints involved a number of subjective assessments of
focus, resolution, lighting, glare, reflection, sea state and posture of the
whale, as well as distinctiveness of the whale. A poor quality photo of a
very distinctively marked whale might be graded A while an excellent photo of
a whale with no distinctive markings might be graded C. We have not
considered grade C photographs in this analysis. We analyzed 212 photos of
re-identification grades A and B.

The within-1985 refighting data presented here are based on an analysis
of the 212 grade A and B whale images (134 different whales) acquired during
the present study, plus a comparison of these images with 1136 grade A and B
whale images (753 different whales) obtained by LGL in the Canadian Beaufort
Sea on 3 August-14 September 1985 (cf. Davis et al. 1986b). Our 212 images
were also compared with 21 whale ima~s (13 different whales) acquired on 19
September-15 October 1985 during the ‘Sandpiper Island study’ in the Alaskan
Beaufort Sea west of our study area (LGL in prep.). To identify between-year
resightings,  we also compared our 212 grade A and B images with all grade A
whale images acquired by LGL in the Canadian Beaufort Sea in 1981, 1982, 1983
and 1984 (cf. Davis et al. 1982, 1983, 1986a,b; Wiirsig et al. 1985b).—

Results

Seasonal Occurrence of Bowheads, Autumn 1985

August . --Our fieldwork did not begin until early September, but workers
conducting other studies of bowheads flew aerial surveys in and near our
study area during August. Up to 20 August, Naval Ocean Systems Center (NOSC)
surveyors detected no bowheads west of our official study area and only four
single bowheads within it. These sightings were on 7, 8, 15 and 17 August,
all in the southeast quadrant of our study area (J. Clarke, pers. comm.).
Surveys by NOSC, LGL (Davis et al. 1986b) and ESL (Duval et al. in prep.)
showed that more bowheads were present just east of our study area at this
time (Fig. 53).

From 21 to 31 August, no bowheads were seen within or west of our
official study area despite considerable survey coverage by NOSC and some by
LGL (Fig. 54). However, LGL detected numerous bowheads slightly farther east,
both well offshore and close to shore between Komakuk and Clarence Lagoon
(Fig. 54, from Davis ec al. 1986b).

September. --Little surveying was possible during the 1-10 September
period because of frequent low cloud. However, it was apparent that few if
any bowheads were within the official study area in early September.

No bowheads were seen during our systematic survey of the continental
shelf portion of the study area on 5-6 September (Fig.  55A). Survey
conditions were relatively good, and there was virtually no ice in the areas
surveyed. Similarly, other surveyors also detected no bowheads in or west of
our study area on 1-6 September (Fig. 55B). In contrast, very large numbers
of bowheads were present east of the study area (138°W) in southern Mackenzie
Bay on 6 September (Davis et al. 1986b). There were no surveys near Komakuk
(140°W) on 1-6 September, but numerous bowheads were present there before and
after this period (28 Aug, 8 Sept).
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During the 11-13 September period, we conducted a systematic survey of
the continental shelf and slope strata (Fig. 56A). Again, there was virtually
no ice in the surveyed area (Fig. 4). Only two bowheads were sighted during
the systematic survey. Additional coverage by other workers, including
surveys of the ‘far offshore’ part of our study area (waters >2000 m deep),
also revealed no bowheads within the official study area (Fig. 56B). However,
on each of 11, 12 and 13 September, several bowheads were found during
surveys west of our study area (Fig. 56B; McLaren et al. 1986; NOSC unpubl.
data) .

Thus, migration of a few bowheads through the study area had apparently
begun by this time. However, the numbers in and west of the study area were
low when compared with numbers seen farther east. Many bowheads were close to
shore just east of our official study area (Fig. 56A,B; Table 21). Some of
these whales were feeding near the surface; they were not traveling strongly
westward. Vertical photography demonstrated that some individual whales were
lingering in the area for prolonged periods (see below). Numerous whales were
still present farther east in Mackenzie Bay (137°- 138”W) on 14 September when
surveys of that area stopped (Davis et al. 1986b).

After a period of poor weather on 14-17 September, surveys resumed on 18
September. By 18-21 September , much of our study area (but not the SE corner)
contained extensive pack ice, which was blown into the area by strong
westerly winds on 16-17 September (Fig. 6). Our surveys showed that bowheads
were present in the shelf and shelf break portions of our study area, but no
bowheads were seen far offshore (Fig. 57A,B). Interestingly, no bowheads were
found along the shore in the Clarence Lagoon to Komakuk area. However, just
to the west of there, at the east edge of our study area, about eight
bowheads were seen traveling rapidly westward near the shore on 19 September
(Fig. 57A). A few bowheads were seen west of our study area on 19 and 20
September (McLaren et al. 1986; LGL unpubl. data).

Additional surveys were flown on 22-24 September, and whales were found
in three main areas (Fig. 58): along the coast between Komakuk and Clarence
Lagoon, well offshore north of Komakuk, and north of Kaktovik. These whales
were not moving strongly westward, and in all three areas the bowheads were
observed or suspected to be feeding. Whales were seen in each of these three
areas on two or three different days in the 22-24 September period, and
whales were seen north of Kaktovik on later days as well (Fig. 59). However,
vertical photography results provided no evidence that individual whales were
lingering in the area off Kaktovik (see below). Only a few whales were seen
west of our study area on 22 and 23 September (Fig. 58B; McLaren et al. 1986;
LGL unpubl.).

Our next systematic survey was on 25 and 27 September. Only two bowheads
were seen along the survey lines, most of which were over extensive pack ice
(cf. Fig. 5). However, there were several sightings north of Kaktovik during
r~onnaissance  surveys on 25-29 September (Fig. 59A,B).  Ice cover had become
less extensive there than it was during the previous week. There was also a
sighting of four whales north of Komakuk, east of the ‘official!  study area
(Fig. 59A). Whales were suspected to be feeding in the water column in both
areas. Whales were still present at Komakuk on 24-25 September, but we found
none there on the 26th (Table 21). Several whales were seen well to the west
of our study area on 25 and 26 September (McLaren et al. 1986; LGL and NOSC
unpubl.).

-. -



144~ 14: .

B
71-30s 71-30

I
Study ,
Area
Boundary -1

8

,

-WOO  _ 1
!
(

t
,

I

/
71 ~ 1

,
,

1

‘(44. ‘143. ‘142. 141Q
1

140m 139Q

A
7P30,

71.30

l — — — - - – -  - – — - — — – —  — — — - - - — —  — -  — —  - — - l
- - -

1
Study  ,
Area
Bo”lml<y -o

$

,
,
I

/
/

/ 71.

/

/

.

r

—

\
I

I/

I

!

/

)

/

(

,

i

70.30, I 1

A’t 1

70-30

/ I 71Y30’

=%. .

1:
J ,

1 I I
. ;. ,
. ,. ,
: ,
.!

;

70~

so.

r6~

69°30’

! (o

69s30<

4’0
I
I
I

11-13  SEPT 1985
LGL/MMS  coverage

— %t.matic  survey

—  Other  fl,ghf,

> , 0 2 0 3 3 4 s 3
v k“

)5,0,520
+ “ “,, %

3 : . 4 )i,
2 u

2
KCwr,okuk  -..

69°30,

142- ~14 I ~,–– —___ ___ 140s144Q 143~
.— . . ..— 140q

56. Aerial survey routes and bowhead
September 1985.

sightings during (A) this project, and (B) other projects, 8-13



I
I
I
I
I
I
t
1
1
1
I
I
I

I
f
I

f
t
I

Bowheads 163

~ble 21. Si@@s of totiad -S a.10~ tk! * coast = ‘kxmkdc, Septe&r 1985. ‘-’
denotes ‘no survey’. I@sults from the tw NOSC aircraft are shown separately.

IGL KC6C-N780 NXC-N545N
I13te Range of

( 1985) # Adults # calves # Mults # CAlves # Alhllts # Wves Longitudes

1 Sept
2 Sept
3 Sept
4 Sept
5 Sept

6 Sept
7 Sept
8 Sept
9 Sept
10 Sept

11 Sept
12 Sept
13 Sept
14 Sept
15 Sept

16 Sept
17 Sept
18 Sept
19 %pt
20 sept

21 Sept
22 Sept
23 S@
24 Sept
25 Sept

26 Sept
27 *pt
28 Sept
29 Sept
30 Eept

45--5P

26
39t
35

0

0

6
20

0

0
0
2

0

0
0
2
0

0

-.

140°00 ‘ -140°30 ‘
139°42’-140°41 ‘

o
25 0

30
0
0

0 18
25
8

140”00’-14O”46’
139°57 ‘-140°37 ‘
140°07’-140050’

00

0
1 0 L5

8
8
2

140°25’-140052’
140°25’-140035’
140°05’-140025’
140 °09’-140025’

0
0

0
0

0 139°01 ‘

a LGL data fran 11 to 26 Septemker  are fran this study. Dining amtkr LGL project, kowheads were
seen near IGxnalcuk  on 14 ard 28 August, ad on 8 .Septemter  (Eavis et al. 1986b). M bowteads c..ere
seen fire during several LGL surveys in @toEer.
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October.--Poor weather conditions from 30 September to 3 October
resulted in little survey coverage during the last few days of our field
season (Fig. 60). However, there was coverage of the area north of Kaktovik
where whales had been numerous in late September. No bowheads were seen
there, suggesting that the whales present in late September had departed. A
few bowheads were seen farther west, off Camden Bay and Prudhoe Bay, during
early October (Fig. 60B; LGL and NOSC unpubl.).

Our field program ended on 3 October, but other surveys provided some
coverage until 20 October. Near-daily surveys in the Komakuk - Herschel
Island - Mackenzie Bay areas of the Canadian Beaufort Sea from 7 to 20
October showed that bowheads were still present in Canadian waters east of
Herschel Island (139°W), in apparently diminishing numbers, until about 18
October (LGL unpubl.). Repeated surveys in the Komakuk area, both nearshore
and offshore, found no bowheads (Fig. 61, 62). The only sightings in our
official study area during October were three bowheads seen by LGL personnel
40-50 km offshore near 142”W on 9 and 12 October (Fig. 61A,B). Coverage of
our study area on 16-20 October revealed no bowheads even though there were a
few stragglers east of Herschel 1s1 (139°W) until at least 18 October. Thus,
the surveys suggest that few if any bowheads were feeding in the official
Study area during October, but that late-migrating bowheads must have
traveled westward through the S t udy area, largely undetected, during
early-mid October.

Number of Bowheads in the Study Area, Autumn 1985

Raw Densities. --Only seven bowheads were seen during our four systematic
aerial surveys, which totalled 4301 km in length (Table 22). The on-transect
area was 8602 km2, based on a transect strip 1 km in width on each side of
the aircraft. Three of the bowheads were on-transect; four were off-transect
(i.e. >1.1 or 1.2 km to the side of the aircraft; see Methods). Given the
small number of sightings, line transect procedures could not be used to
estimate bowhead densities. Strip transect procedures can be used even with
small numbers of sightings, but the results are inevitably very approximate
when the number of sightings is low.

No bowheads were seen during our first survey on 5-6 September (Table
22), and there was no other evidence that any bowheads were in the study area
at that time (Fig. 55). Thus, the density of bowheads was apparently zero in
both the continental shelf and continental slope portions of the study area
in early September.

The average uncorrected density during each of our subsequent three
surveys on 12–13, 18–21 and 25–27 September was about 0.06 bowheads/100 km2

over the continental shelf, and zero over the continental slope (Table 22).
In the shelf area, there was one on-transect sighting per survey, or three
bowheads along 2522 km of transects (0.06 bowheads/loO km2).  MthOUgh  no

bowheads were seen on-transect in the continental slope area, single whales
were seen off-transect during the 12 and 27 September surveys. Thus small
numbers of bowheads were present over the continental slope. If transect
width were taken to be 2.5 km on each side of the aircraft, the uncorrected
density in the continental slope region during the 12-27 September period was
about 0.04 bowheads/100 km2 (2 sightings along 1104 km of transects). The
0.04 bhd/100 km2 figure is very approximate, but is more appropriate than the
zero density derived from on-transect coverage  alone. Thus, our surveys
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systematic aerial surveys of tk Alaskan Bezmfort  Sea3 5-Table 22. I@sults of L@MMS
27 September 1985.

survey

1 2 3 4

.omtm@td!3afstratm

Eates 5-6 Sep 12-13 SeP 18 &p 25-27 ss?p

1-8, BLl , BL2a 1-13, BL1 , B@ 1-13 1-13

675 879 811 832

Transects surveyed

km flown

No. bowkads seen
C&transect
Gff -transect

o 1 1 1
0 0 2 0

Eawhds/loo N
(On-transect data) 0.0 0.057 0.062 0.060

Bowheads/loo km
(Ch- & Off-transect) 0.0 0.11 0.37 0.12

cmtimmdsbpestratun

12 &p 19-21 I%P

14-21 14-19

428 318

27 &p

14-21

358

Dates

Transects surveyed

km f loom o

No. bowteads seen
Cm-tra-ct
Off-transect

o 0
1 0

0
1

I!owheads/ 100 km2

(Ch-transect  data) 0.0 0.0 0.0

Bcwkds/ 100 lull
(Cn- & Gtf-transect) 0.23 0.0 0.28

aBLl=Eoat Line l,BL2 = Eat Une 2 (see Fig. 55A, 56A). Aerial surveys of t~se
lines during tk survey 1 ami 2 ~riods was considerd to tE part of tlw systematic
survey coverage.
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indicate that the raw densities in the shelf and slope portions of the study
area from 12 to 27 September were about 0.06 and 0.04 bowheads/100 km2,
respective3.y.

The Naval Ocean Systems Center also conducted systematic aerial surveys
in the shelf, slope and (occasionally) far offshore portions of our study
area during 1985. From 1 August to 20 October 1985, their systematic coverage
within our official study area totalled about 9667 km (Table 23). Because the
NOSC coverage was broader than ours both temporally and spatially, the NOSC
data provide a valuable supplement to our own results. NOSC surveyors saw two
on-transect bowheads (0*07 bhd/100 km2 in shelf zone) during random
north-south surveys within our official study area up to 20 August, but none
thereafter. Their lack of sightings after 20 August is not surprising
because, during the 8-29 September period when bowheads were present, NOSC
obtained less survey coverage than we did within the shelf and slope portions
of our study area (Table 23). It should be noted that NOSC’S reconnaissance

Table 23. Approximate number of kilometers of systematic aerial surveys
flown by Naval Ocean Systems Center within our official study
area, 1 August-20 October 1985. Only transects oriented roughly
north-south and surveyed by the Grumman Super Goose aircraft are
considered. No bowhead whales were seen during any NOSC
systematic surveys after 20 August (but see footnotes). For
comparison, the parenthetical values are the number of kilometers
flown during LGL’s systematic surveys.

Linear Kilometers Flown in Each Stratum

Continental Continental Far Total
Shelf Slope Offshore NOSC

Date (0-200 m deep) (200-2000 m) (>2000 m) Coverage

1-10 Aug 1985 863 299 200 1362
11-20 Aug 1985 504 347 271 1122
21-30 Aug 1985 772 752 274 1798

1-6 Sept 1985 91 (675)b 228 153 472
8-13 Sept 1985 297 (879) 54 (428) 207 558

18-21 Sept 1985 208 (811) 322 (318) 372 902
22-24 Sept 1985 312a 37 0 349
25-29 Sept 1985 461a (832) 410 (358) 310 1181

1-5 Ott 1985 98 112 15 225
6-10 Ott 1985 345 292 149 786
11-15 Ott 1985 310 27 0 337
16-20 Ott 1985 513 62 0 575

Tot al 4774 2942 1951 9667

a NOSC found bowheads within this area and period during non-systematic
flights but not during systematic surveys.

b Parenthetical values are LGL/MMS systematic survey coverage (km).
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(non-random) flights did detect bowheads in the continental shelf portion of
our study area on 22-27 September (Fig. 58B, 59B).

NOSC detected no bowheads in our study area in October along transects
totalling 1923 km in length (Table 23; Fig. 60B-62). LGL surveyors flew 762
km of north-south transects within our study area in October during other
projects; 3 bowheads (2 on-transect) were seen. Considering both NOSC and LGL
coverage, the overall October densities in the shelf and slope zones were—
estimated to be 0.05 and O bowheads/100 km2, respectively.

Thus , based on the systematic survey coverage by LGL and NOSC,
appears that the raw densities of bowheads in the shelf and slope portions
the study area, expressed as bowheads/100 km2, were roughly as follows:

These figures are
bowhead sightings
during late summer
few bowheads were
autumn period.

Shelf Slope— —

1 Aug - 20 Aug 0.07 0
21 Aug - 10 Sept o 0
11 Sept - 30 Sept 0.06 0.04
1 Ott - 20 O t t 0.05 0

very approximate, given the extremely small number

it
of

of
during systematic surveys within the official study area
and autumn of 1985. However, it is obvious that relatively
in the study area at any time during the late summer and

Utilization of the study area by bowheads was much lower in 1985 than in
most years. Directly comparable data for earlier years are not available.
However, Ljungblad et al. (1984a, 1985a) provide 1979-84 data for a somewhat
broader range of longitudes (141°- 146”W) and for depth strata consistent with
those used here (Table 24). In 1985, the peak density (raw) in the
continental shelf portion of the official study area was about 0.06
bowheads/100 km2 in mid-late September (Table 22). In contrast, during
September of 1979-84, the average raw density in the shelf zone was 0.58
bowheads/100 km2--about  10 times the 1985 figure. During 4 of 6 years within
the 1979-84 period, the September density in the shelf zone exceeded our 0.06
bowheads/100 km2 figure. In one of the two years (1983) when the density in
the shelf zone was low, the density was relatively high in the slope zone.
Thus, within the 1979-84 period, 1979 was the only year when the September
densities in the eastern Alaskan Beaufort Sea were as low as those in 1985.
However in 1979, unlike 1985, more bowheads were apparently present in August
and October than in September (Table 24).

Correction Factor for Submerged Whales. --Bowhead whales are below the
surface and invisible to aerial surveyors the majority of the time. If all
surfacings are of duration s, all dives are of duration U, and the duration
of potential detectability is t, the probability that a whale will be at the
surface while it can be seen is

s t S+t
+ —  =

S+u s-i-u S+u



Table 24. Survey effort and bowkad sightings by Naval ban Systems Gmter within tb eastern Alaskan Beaufort Sea ( 141”-146”W
longitude) during August- Octobi?r in 1979-1984. I&alculated frmn Ljungblad  et al. (1984a, 1985a).

o
292
2033

(o)
(o)
0.034

(o)
(o)
0.98

1979 >mo
200-2033
0-220

0
198

1541

1
0 0 29
0.001 0.03 534

(o) (0) o
(o) (o) o
0.004 0.11 688

(o) (0) 15
0 0 298
0.048 1.40 976

O.(W 0.16 160
0 0 116
0.023 0.67 830

0.001 0.04 49
0.013 0.33 378
0.001 0.04 757

0 0 0
O.O(EJ 0.26 145
0.017 0.48 667

0.032 0.06 225
0.CQ7 0.19 %6
0.020 0.58 4452

0
0

18

0

0
0

22

0
0
3

0
0
1

0
1

0
0
45

3
4

0

0
0

4
72
3

4
3
2

0
0
7

8
78
16

(:~3)a  -$lg”
. .

0
2

0
0
6

0
0

lm

4
0
48

1
17
2

0
7

29

5
24
238

1980 >2000
2oo-2m
0-200

0
0

403

94
156

15390 0 0 0

1981 >2008
200-2W3
0-200

0
51

497

212
332

3139

(o)
o
0o023

(o)
o
0.66

(o)
o

(o)
o

1982 >20C0
2oo-2m
0-200

1227
18a7
3224

0.003
0.033
0.001

0.09
1.11
0.03

719
835

2033

(o)
(o)

(o)
(o)
0.110.004

1983 >20(XI
200-2CKCI
em

1486
w
2361

O.@
0.C6
0.02

791
1299
1349

(o)
o

0.04

0.003
0.002
0.001

(o)
o

0.001

1984 >20m
200-2003
o-m

1156
1375
3346

0
0

0.002

0
0
0.05

817
?ffl

1742
(o)
0.001

(o)
0.04-

1979-
1984

>20WJ
200-2WI

0-203

3369
501.5

11,269

0.002
0.016
0.031

0.06
0.45
0.04

2633
3664

11,885

(0)
0

0.010

(0)
0

0.29

a Parentheses indica~e  that &naity ia * on < lCNI ~2 of coverage.
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(Eberhardt 1978). Here, s/(s+u) is the probability that the whale will be at
the surface when its location first comes into visual range, and t/(s+u) is
the probability that the whale will surface while its location is in visual
range. Davis et al. (1982) estimated that t was 18 s during their surveys
from a Twin Otter aircraft, and we have also used this value. The uncorrected
estimate of the number of animals present can be divided by this correction
factor, viz. (s+t)/(s+u), to allow for animals that are undetectable because
they are below the water as the survey aircraft passes.

The above formula assumes that t < u and that s and u are constants. In
fact, some dives are very short (u<t)~ and s and u are both highly variable
(Wtirsig et al. 1984, 1985b; Ljungblad  et al. 1984b, 1985b). Eberhardt (1978)
and Eberhardt et al. (1979) expressed concern about the legitimacy of the
(s+t)/(s+u)  formula under these conditions. Davis et al. (1982) developed a
modification of the formula that allows for short dives, and variable
durations of surfacings and dives.

Behavioral observations during this study provided information about the
durations of 23 surfacing/dive sequences, excluding those of calves. We
considered all known dive durations for which the duration of either the
preceding or the following surfacing was known. If durations of both adjacent
surfacings were known, the average was used. All of the timed dives were >1
min in duration. Hence, the modified method of Davis et al. (1982) was not
needed for the September 1985 data, and any uncertainty in our estimate of
t=18 s was of very little consequence. The mean surface and dive durations
for the 23 timed sequences were 109 and 977 s (1.82 and 16.28 rein),
respectively. Hence, bowheads were at the surface only 10.0% of the time, and
only 11.7% of the on-transect bowheads would be expected to be detectable
(Table 25). The above estimates of proportion of time at the surface and of
detection probability are based on a small sample size, and are quite low in
comparison to most previous estimates:

Proportion
of time at Detection
surface probabil.

September 1985, Alaskan Beaufort (this study) 10.0% 0.117
Summer 1980-84, E Beaufort (Wtirsig et al. 1985b) 1 1-43%
Summer 1981, E Beaufort (Davis et al. 1982) 15-22.5% 0.261
Summer 1982, E Beaufort (data of Wtirsig et al. 1985b) 17.3% 0.205
Autumn 1978-79, Baffin 1s1. (data of Koski and 15.5% 0.184

Davis 1979, 1980; see Table 25D)

We obtained the summer 1982 values by reanalyzing the 1982 data of Wiirsig  et
al. (1984) using the method of Davis et al. (1982) (Table 25C). The 1982 data
were of special interest because there were many long dives in 1982, as
during September 1985.

With the exception of the small sample of data from summer 1984
(proportion of time at surface=ll%),  previous studies have given higher
proportions of time at the surface and higher detection probabilities than we
found in September 1985. Nonetheless, we believe that the 1985 results are
realistic. Our general impression was that most bowheads were diving for long
periods and surfacing for short periods. Furthermore, data from earlier years
also suggest that the proportion of time at the surface is lower in Alaskan
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Table 25. Calculation of tk probability that an average on-transect lmwfead whale will be
at tk surfacx?  while within an observer’s field of view. Alltimea arein
seconds ● A-C includs hth presumbly miisturked  ad potentially disturbed
whales; EE include only presumably undisturbed whales. Calves are emluded.

ka ban
sun of Sinn of # divea surface dive s+18
dive surface and tires tti —

durations times surf acings (s) (u) S+u

A. Sqteder 1%35
(this study, all data)

Dives ~18 S
~VeS >18 S

Au dives

B. Wmer 1981; data of
Dmds et al. (1982)

~VeS <18 S
Dives >18 S

All dives

C. Wmer 1982; data of
Wirsig et al.. (1984)

mVeS <18 S
Rives >18 S

All divea

D. Atum 197&79; Mfln Tsl.
(= Slri m 1979, M&I))

Dives X18 S
Dives >18 S

Au dives

E. Autum 1981-84, ALaskac

All dives

22,460

22,460

446
39,0cn

30,454

43
40,513

40,5%

2504

2504

1404
5939

7243

58
8436

8494

0
23

23

51
107

158

3
78

81

0
104/109

104/ 109

145/401

109

109

27.5
54.6

45.8

19.3
108.2

104.9

97.2

97.2

80.4

977 0.117

977 0.117
@rrecte& 0.117

8.a7 -
280.4 0.217

192.7 0.268
~rrectd O. =5b

14*3 -
519.4 0.?01

5m.7 0.203
COrrecteda 0.X)5

528 0.184

528 00184
G3rrecteda 0.184

556.2 0.I.55
Cbrrecteda ?

a Se IMvia et al. (1982) for mwhcd of calculating corrected (s + t)l(s + u). For sum?r 1981, t~

b

,:

corrected value is
[(446 + 1404) X 1.0] + [(3COOS  + 5839) X 0.217]

. o.255b
(33454 + 7243)

‘!J-ds  vs.k. dLffera  slightly fran tk 0.261 vsk derived by Davis et al. (1982), since tky caIIPuted

an average f se. frcm four subsets of tte 1981 data, wtereaa  w tere pool all of tke 1981 data.
Mta for 1 Atumn 1981-84, Alaskat are f ran ‘Bble 26.
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waters in early autumn than in the Canadian Beaufort Sea in summer (12.6%
vs. 21.2%; Table 26). Thus, we consider the September 1985 data on proportion
of time at surface (10.0%) and detection probability (0.117) to be
appropriate figures for use in estimating the number of bowheads missed by
aerial surveyors.

Correction Factor for Unseen Bowheads at the Surface.--Besides missing
submerged bowheads, aerial surveyors fail to detect some of the bowheads that
are at the surface as the aircraft passes. In an attempt to estimate the
proportion missed, two surveyors observed independently from the right side
of the aircraft during this study. However, there were too few sightings to
allow us to develop a correction factor. There were only three sightings by
right-side observers during the systematic surveys; of these, one bowhead
(on-transect) was seen by both observers, one (on-) by only the front
observer, and one (off-) by only the rear observer.

During surveys in the Canadian Beaufort Sea in 1981, a total of 33
different single bowheads or groups of bowheads were sighted on the right
side of the aircraft during periods when there were two observers on that
side (Davis et al. 1982). Of these, 17 were seen by both observers (B=17),  7
by only the front observer (S1=7), and 9 by only the rear observer (S2=9).
Based on the method of Magnusson et al. (1978), the estimated number of
singles or groups present was

(S1+B+1)(S2+B+1)
N = - 1 = 36.5

(B+ 1)

Of the 36.5 singles or groups estimated to be present, only 33 (90%) were
seen by one or both observers.

Following Magnusson et al. (1978), Davis et al. (1982) estimated the
probability that a single observer would detect a bowhead or group of
bowheads that is at the surface:

SI+S2+2B
P = = 0.685

2N

Thus , if a single observer is present on one side of the aircraft, the
uncorrected number of bowheads seen by that observer should be divided by
0.685 to allow for animals present at the surface but not detected. If two
observers are present on one side, their joint uncorrected count should be
divided by 0.90. These correction factors are independent of any correction
for submerged whales. In the absence of any other estimates of the correction
factor for unseen bowheads at the surface, we use the above results from
Davis et al. (1982).

Estimated Numbers Present .––Ideally, the number of whales within the
study area can be estimated by applying the two correction factors discussed
above to the raw densities, and then multiplying the corrected density by the
size of the study area. Because we expected different densities of bowheads
in the continental shelf, continental slope, and far offshore parts of the
study area, we attempted to derive separate estimates of densities and
numbers in each of these three strata. Although the estimates of densities
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Table 26. Durations of surfacings and dives by bowhead whales in the
Canadian and Alaskan Beaufort Sea, 1980-84. All data were
obtained in the absence of potential disturbance, with the
possible exception of aircraft disturbance in Alaska. Calves are
excluded.

Canadaa Alaskab

Mean s.d. n Mean s.da n

Duration of Surfacing (rein)

1980
1981
1982
1983
1984

All

Duration of Dive (rein)

1980
1981
1982
1983
1984

All

1.25 0.723 94 - - -
1.06 0.764 204 1.82 0.94 42
2.05 1.320 70 1.41 0.57 36
1.05 1.484 248 1.33 1.10 168
1.10 0.559 99 1.19 0.87 155

1.19 1.137 715 1.34 0.98 401

2.25 3.549 25 - - -
3.80 4.986 80 13*31 6.81 20

12.08 9c.153 51 10.27 5.55 36
1.88 2.357 140 7.11 5.94 59
6.27 7.195 37 9.61 8.14 30

4.42 6.319 333 9.27 6.75 145

Proportion of time at
surface, all years 0.212 0.126

a Canadian data are from mid-late summer (Wtirsig et al. 1984, 1985b).
b ‘Alaskan’ data for late summer and early autumn of 1981-84 are from Fraker
et al. (1985), Reeves et al. (1984), and Ljungblad  et al. (1984b, 1985b),
respectively. A few of these data came from the western part of the
Canadian Beaufort Sea.
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and numbers of bowhead whales present in the study area in 1985 are uncertain
because of the low number of whales seen, it is instructive to carry out the
calculations (Table 27).

The systematic survey data suggested that there were about 60 bowheads
in the southeastern part of the study area in early-mid August. This figure
is based on the September 1985 correction factor for submerged whales. It may
be an overestimate, since previous studies suggest that bowheads are at the
surface and detectable a higher proportion of the time in August than in
September (Table 25,26). There were apparently no bowheads in the study area
from 21 August to about 10 September. About 80 bowheads were present in mid
and late September, and about 40 were present in early-mid October (Table
27E). We emphasize that these figures are approximate. The estimates for
early-mid Aug, late Aug-early Sept, mid-late Sept, and early-mid Ott are
based on sightings of only 2, 0, 5 and 2 bowheads, respectively.

The rough estimates based on systematic surveys are consistent with
other evidence. Reconnaissance flights detected no bowheads in the study area
in the 21 August to 10 September period or in October. Reconnaissance flights
did detect bowheads in the study area during mid-late September (Fig.
57-59). We saw about 15 bowheads in a concentration north of Kaktovik during
a flight on 26 September, and NOSC saw 19 in the same area the next day.
These sightings undoubtedly did not account for all bowheads within the
concentration area, but we suspect that we did locate the largest
concentration within the study area. The concentration was within the one
part of the study area where there was considerable open water; we and NOSC
searched that area of open water intensively. Our sightings of a peak of
15-19 bowheads there are reasonably consistent with an estimate of 80
bowheads in the entire study area in late September.

If the average number of bowheads in the study area was 60 whales for 20
days in August, 80 whales for 20 days in September, plus 40 whales for 20
days in October, then total utilization was only 1200 whale-days during
August and 2400 whale-days during migration (Sept-Ott). The August figure may
be an overestimate, as noted earlier. The Sept-Ott figure is unexpectedly
low. If a bowhead swam steadily westward through the study area at a speed of
5 km/h (Koski and Davis 1980), it would require about 24 hours to traverse
the area. Assuming that the Western Arctic population contains 4417 bowheads
(1.W.C. in press), a total utilization of about 4400 whale-days would be
expected even if no bowheads stopped (or slowed) to feed in the study area.
Behavioral observations showed that at least a few bowheads did indeed feed
in the study area (see below). Thus, at least some of the ‘numbers presentf
figures in Table 27E must be too low.

We suspect that the apparent discrepancy is attributable to a
combination of two or three factors:

1. We probably overestimated the detectability of bowheads in the study
area in 1985. During the periods of September and october when
bowheads were traversing the study area, most of the area was >90%
ice covered. Bowheads are difficult to detect in such conditions.
Both of the correction factors applied to the raw densities were
based primarily on observations of bowheads in open or largely-open
water, either during this study (correction factor for submerged
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Table 27. Estimated densities and numbers of bowhead whales in the official
study area, 21 August-20 October 1985. All densities are numbers
per 100 km2. Values in parentheses are based on <1OOO km 2 of
aerial survey coverage.

Comt inental tint inental Far
Shelf Slope Offshore

(0-200 w deep) (200-2000 m) (>2000 m)

A.

B.

c.

D.

E.

Uncorrected Density

1-20 Aug
21-30 Aug

1-6 Sept
8-13 Sept

18-24 Sept
25-29 Sept

1-20 Ott

Density (A) Corrected
for Unseen Bowheads at
the Surface

1-20 Aug
21-30 Aug
1-6 Sept
8-13 Sept
18-24 Sept
25-29 Sept
1-20 Ott

Density (B) Corrected for
Submerged Bowheadsi

1-20 Aug
21-30 Aug
1-6 Sept
8-13 Sept
18-24 Sept
25-29 Sept
1-20 Ott

Area (kmz) within stratum

Estimated Number of
Bowheads Present (C x D)

1-20 Aug
21-30 Aug
1-6 Sept
8-13 Sept
18-24 Sept
25-29 Sept

1-20 Ott

o.073a
Oa
Oa, b

oeo57b
o.06zb
0.060b
o.051a,  d

0.086h
o
0

0.063e
0.069e
0.067e
0.060g

0.73
0
0

0.54
0.59
0.57
0.51

8440

62
0
0

46
50
48
43

Oa (0)a
Oa (0)a

(0)a (op

1 oao4b]c Oa

o

(:)
>

o.05f

o

(o)
(o)
(o)

o

(o)

o (o)
(o)(:) (o)

1 0.4 0

0 (o)

7589 9441

0 (o)
(o)(:) (o)

3 30 0

0 (o)

a Based on NOSC’S systematic surveya (Table 23).
b Based on this study.
c Rough estimate taking off-transect sightings Into account.
d Based on LGL reconnaissance surveys.
e Baaed on one sighting from a side of the aircraft where there were two

observers; therefore the raw density waa divided  by 0.90 (see text).
f

g

h

i

Based on two sightings, one sighting from a side of the aircraft where
there were two observers and the other when there was only one observer.
The two whales seen on-transect were seen during LGL surveya with only one
observer on each side of the aircraft; however, 65% of the coverage was by
NOSC with >2 observers. An average correction factor of 0.85 assumed.
Based on NOSC survey with one observer on one side of aircraft, and one
full-time and one part-time observer on other side. An average correction
factor of 0.85 is assumed.
Based on densities corrected for unseen bowheads at the surface, divided by
the 0.117 correction factor derived from September 1985 behavioral data

(see text).
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bowheads) or during the surveys of Davis et al. (1982) (correction
for unseen bowheads at the surface).

2* Some bowheads migrate westward over deep waters beyond the 2000 m
contour (Table 24). Survey coverage far offshore was meagre in
1985. The failure to detect whales there may have been partly
attributable to limited survey coverage far offshore as well as the
heavy ice conditions after mid September.

3. Some bowheads may not have entered the Canadian Beaufort Sea in the
summer of 1985. Despite very wide-ranging surveys, Davis et al.
( 1986b) could not account for the entire population. In
particular, they did not locate many adult bowheads (those >13 m
long). If some of these whales remained north or west of our study
area all summer, they would not have migrated west through that area
in autumn.

Presence of Mothers and Calves in the Study Area, Autumn 1985

Bowhead calves were seen at all of the locations where significant
numbers of older bowheads were detected (Fig. 63). Along the Yukon coast near
Komakuk, NOSC reported that two calves were present on at least two dates in
September. Calves were present at both of the locations well offshore from
Komakuk where bowheads were seen in late September. At least three calves
were present amidst the concentration of whales north of Kaktovik on 26-29
September (Fig. 63). Of our total of 199 bowhead sightings, 9 were calves
(Table 28). Similarly, of NOSC’S total of 175 sightings within the area where
we worked, 8 were calves. Within the official study area, 7 of the 98
sightings by ourselves and NOSC were calves (Table 28).

Within the overall area studied, calves comprised a higher proportion
of the sightings in late September (14 of 178) than in early September (2 of
183). However, within the official study area, late September was the only
period when either calves or older whales were detected in significant
numbers (Table 28).

The pattern of sightings of cow-calf pairs in 1985 was generally
consistent with that in earlier years. Over the 1979-85 period as a whole,
both cow-calf pairs and other whales have been seen from early August to
October, with a peak in late September. Numerous cow-calf pairs have been
seen in both the continental shelf and the continental slope zones, but two
of the few sightings in water deeper than 2000 m were also calves. Cow-calf
sightings, like other sightings, tend to be farther offshore before than
after 15 September (Table 29). Thus, the visual observations provide no
evidence that cow-calf pairs are anything other than evenly dispersed through
the population when they move through our study area in late summer and
autumn.

Length Measurements, Autumn 1985*

Usable length measurements (grades 1 to 6) were obtained from 189 whale
images, but 70 measurements were repeats of a whale previously measured.
Hence 119 different whales were measured. In the following sections, only one

* Prepared by William R. Koski, LGL Ltd.
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Mble 28. Number of bwhead calves ad of older lxwteads  seen in ad near tk official study area,
1985.

IG@!lls ~Ca Tbtal

# Chives # OtFers # calves # Otkrs # Calves il Otkrs

wthin ~ ~~b

1-20 @g 1 11 1 11
21-31 Aug o 1 0 1
1-15 Sept o 102 2 79 2 181
16-30 Sept 9 88 5 76 14 164
1-15 Ott o 0 0 0 0 0

— —
Total 9 190 8 167 17 G

Within Official. Study Areac

1-20 @g o 4 0 4
21-31 Aug o 0 0 0
1-15 Sept o 2 0 0 0 2

16-30 Sept 4 45 3 40 7 85
1-15 Ott o 0 0 0 0 0

— —
Total 4 47 3 T T—91

a
b
c

Sightings f ran bth NC!SC aircraft are cmbined.
Longitudes approximately 139° to 145° (eee Fig. 63).
Area cmtlind by dash?d line on Figure 63.

measurement of each whale is included in each frequency distribution. When a
whale was photographed on different days, it is included in each of the daily
frequency distributions, but only once in the combined data for the area.

Each location where whales were photographed is shown by an X in Figure
52. At most of these locations, whales were photographed immediately after a
behavioral observation session. However, the photo session often covered a
somewhat larger area than the associated behavioral observations, i.e. some
photo sessions included whales that were not observed in detail during the
preceding behavioral observations.

For purposes of comparison, whale measurements have been summarized for
four areas where we found whales. Whales less than about 7 m long in late
summer are calves <1 year old; some calves may be as much as 7.5 m long in
September. Whales over 13 m long are considered to be mature (Davis et al.
1983, 1986a,b;  Nerini et al. 1984). Intermediate-sized animals (age >1 year
but not mature) are referred to as subadults in this report.

Nearshore Komakuk. --Whales were measured from photographs taken along
the Yukon coast near Komakuk on five dates (Fig. 64; 28 Aug and 8 Sept from
Davis et al. 1986b; 11, 13 and 24 Sept from this study). Most whales
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according to year, date adTable 29. Finnber of kmhead cal.s seen within the official study area
depth stratu#. Tkre ~re no calf sightings in 1980 or- 1981.

1-15 Aug 16-31 Aug 1-15 *p 16-30 *p 1-15 Ott Tbtal

lkpth >2000 m

—

1979
1982
1983
19!34
1985

1 21

— — — —
2Total 1 1

Depth 200-2(Kl)m

1979
1982
1983
1984
1985

3 3

—

2

—
2

6
42

— — —
Total 3 3 2 1 0

1979
1982
1983
1984
1985

1
7
1
5
7

5

5
7

——
Total 2 1 17 21

All rk?ptk

1979
1982
1983
1984
1985

I
4 3 1 5
1 1 3 2

5
7

— — — —
5 4 4 17 7

1
13
7
5
7

GTotal

a Data for 1979-84 wsre compiled by PUaren ad Richardson ( 1985) f ran NOSC data (Ljungblad et al.
198G85b) and LGL data (Johnson 1983; unpubl. 1984 data). Data for 1985 are from NOSC (J. Clarke,
pers. cam.) ard this study.
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photographed in this area were in water <15 m deep, and <5 km from shore.
These whales did not show strong directional movement. They were predomin-
antly subadult whales, many of which were <10 m long (Fig. 64, 65).
Fifty-three percent of the 45 whales measured by Davis et al. (1986b) were
smaller than 10.0 m; only 11% were larger than 13.0 m (mature adults).
Similarly, 42% of the 65 whales near Komakuk measured by us were smaller than
10.0 m, and only 5% were larger than 13.0 m (Fig. 65). The size distribution
was relatively constant throughout the 28 Aug-24 Sept 1985 period (Fig. 64).

None of the small whales photographed near Komakuk during the two
studies were believed to be calves , although one individual from 13 September
was only 7.0 m long. NOSC reported two mother-calf pairs in this area on each
of two dates (Table 21).

Bowheads were also present along the Yukon coast near Komakuk in late
summer of 1984. In 1984, like 1985, most bowheads near Komakuk were subadults
(mainly 8-11 m long in 1984). However, in 1984 a 13.8 m mother and 5.8 m calf
were found here on 18 August (Davis et al. 1986a). In 1983-85, the large
numbers of bowheads farther east along the Yukon coast in southern Mackenzie
Bay were also predominantly subadults (Wiirsig et al. 1985b; Davis et al.
1986a,b).

Nearshore Demarcation Point. --A loose group of about 8-10 bowheads was
photographed on 19 September as they were migrating rapidly westward parallel
to the coast in about 13 m of water (Fig. 52). This group was slightly west
of the whales near Komakuk,  but appeared to be coming from that area. Because
of the migratory behavior of this group, it was considered separately. Seven
individual whales were measured; their lengths were 8.2-11.2 m (Fig. 65).
Although one possible calf was identified during the behavioral observations
that preceded this photo session, neither a calf nor an adult large enough to
be a mother was measured.

Offshore from Komakuk. --Whales were photographed about 70 and 35 km
offshore from Komakuk, just east of the official study area, on 22 and 26
September (Fig. 52). Water depths were about 280 m and 40 m, respectively.
The size distribution of these whales was substantially different from that
of whales in shallow water near Komakuk (Fig. 65). Only 7% of the 27 whales
measured were subadults (non-calves) <10.0 m long; 41% were mature adults
>13.0 m long. This is the reverse of the situation in the nearshore areas.
One 15.2 m adult was photographed here with a 7.1 m calf on 26 September, and
three calves were seen but not measured on 22 September.

Whales were also found and photographed in this area on 28 Aug 1985
(Davis et al. 1986b). Sizes ranged from about 8.5 to 13 m on that occasion.

Offshore from Kaktovik. --The whales photographed in this area on 23-29
September were in 40-50 m of water over 30 km from the Alaskan coast (Fig.
52). The size distribution was similar to that offshore from Komakuk, and
quite different than that in the nearshore areas (Fig. 65). Fifty percent of
the 20 measured whales were mature adults, and only 5% (one whale) were
subadul’ts  (non-calves) <10.0 m long. Two of the small whales photographed,
both 7.3 m long, were identified as calves although neither was in the same
photo as its mother. The mother of the 26 Sept calf was not photographed, but
another mother identified during that photo session was 13.7 m long. The
mother of the 29 Sept calf was 15.6 m long, based on photos that did not
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Davis et al. (1986b)
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Figure 64. Length-frequency distributions of bowheads photographed on
different days in the Nearshore Komakuk area by Davis et al.
(1986b) and during this study. One whale was photographed on each
of 11 Sept and 13 Sept (A); another on 13 Sept (B) and 24 Sept.
These whales are each represented twice in this Figure, but only
once in Fig. 65. Within-day repeats are excluded.
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Figure 65. Length-frequency distributions of bowheads photographed in
different areas by Davis et al. (1986b)  and during this study, 28
August-29 September 1985. Repeats are excluded.
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include the calf. The latter animal was the largest individual measured
during this study.

Summary. --Bowheads feeding along the Yukon coast near Komakuk (just east
of our official study area) during late August and September 1985 were
predominantly subadults <13.0 m long. Almost half were <10.0 m long. No
calves were identified in nearshore areas near Komakuk during our behavioral
observations or photogrammetry, although NOSC reported visual sightings of
mother-calf pairs there. In contrast, adults and calves were proportionately
more common and subadults less so in offshore waters north of Komakuk and
Kaktovik in late September.

Resightings of Identified Individuals, Autumn 1985

A total of 212 grade A and B vertical photos of bowheads were acquired
during the 10 photo sessions. A total of 91 photos represented whales that
were photographed only once insofar as we could determine (Table 30).
Although photos of nondescript whales were classed as grade C and not
considered in this analysis, a small fraction of these 91 photos probably
were of whales photographed earlier but not recognizable as such. Hence,
slightly less than 91 individuals were probably represented by these 91
photos. The remaining 121 photos were of 43 individual whales that were
photographed 2-5 times within one session (Table 30).

Komakuk Area.--We photographed bowheads along the Yukon coast near
Komakuk on 11, 13 and 24 September 1985 (Fig. 52). During these sessions we
obtained 127 photographic images of whales, 97 of which were of grades A and
B. These represented a maximum of 73 individuals that were sufficiently well
marked to be potentially recognizable in other photo sessions within the 1985
field season (Table 30). Two whales that we photographed along the coast near
Komakuk were re-photographed in the same general area 2 and 11 days later (11
Sept-13  Sept and 13 Sept-24 Sept; Table 31).

In addition to our photo sessions near Komakuk on three dates, LGL
crews participating in a ‘reproductive parameters’ study photographed whales
there on 14 August, 28 August and 8 September (Davis et al. 1986b). Four
whales that they had photographed near Komakuk were later re-photographed in
the same general area during this study; one of these whales was photographed
on three different dates (28 Aug-8 Sept-13 Sept; 8-11 Sept; 8-11 Sept; 8-13
Sept; Table 31). Furthermore, another whale was photographed twice in the
Komakuk area during the reproductive parameters study (28 Aug-8 Sept).

Overall, seven bowheads photographed near Komakuk were later
photographed in the same general area, and one of these was re-photographed
on two different dates (Fig. 66). The periods between successive resightings
ranged from 2 to 11 days, averaging 6.4 days (n=8). The periods between first
and last sightings were 2 to 16 days, averaging 7 days (n=7). Net distances
traveled between successive resightings were 2 to 24 km, averaging 10.3 km or
1.6 km/day. Net movements in the Komakuk area were mainly easterly (6 of 8
resightings). The cluster of resightings in the Komakuk area shows that this
area was occupied at least intermittently by some of the same individual
bowheads during late August and September.
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Table 30. Number of photographs of recognizable bowhead whales acquired during each photo session.

Numter of Inter-day
Nunb2rof whale Imges IWmter of Whales M. Whales k-identifications with

Photographxl  1,2,...,5t* Potentially Whale Photograph kring
Grades Cognizable

Photo Session Printed A&B la 2 3 4 5 Eetwen Daysa This Study Otker Studies

NMr Kmlakdc

11 Sept
13 Sept (A)d

13Sept (B)
24 Sept

23
24
37
43

14
22
31
30

10
b
11
18

2
2
5
6

3

1
2

1
3
—
25

12 l(13Sept, A) 2
18 (11 Sept)
19 1 (24sept) >
24 (13 Sept, B) 1

1
21

Jklnarcation  Bay

19 %?pt 19 13 7

affstme frail Kmekllk

22 Sept
26 Sept (A)d

54
9

53
7

10
3

6 2 3 22
5

6C

Qffstme frau Kaktmik

23 Sept
26 Sept (B)d

29 Sept

7
21
21

7
15
20

1
5

11
—
91

2
1 1
1

— .  _
1 3 3 4

3
8
15 1

— —
134b 2 13Total 258 212

6
a ‘J&se figures are mximakause some duplicate pktographs may not have keen recognized. D

n
b This total was reduced by tvm to account for inter-session re-identifications. w
c Inchdes two different inter-day resightings of tke sam whale. w

co
d There wre photo sessions at two different locations on each of 13 ad 26 Septemter (Fig. 52). 13 !%pt(A) was at 69”37’N, 140”00’W; a

13 sept (B) WE at 69’’37’N; 140”40’w. See Table 32 for 26 Sept locations.
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Table 31. Inter-session resightings of bowheads in and near the MMS study area,
August and September 1985.

Net
Distance Whale

First Photographed Sesighting(s) Between Length

Source of Photosa Loc*nb
Sight ings in 19s5

Date Latitude Longit  .de Date LOc’ nb Latitude Longi  Eude (km) (m)

Sesightings at fhmaknk

Kv-sl 28 Aus KOm 69 °3S.3*N 140”09’W
se -SF-MS 28 Aug Kom 69”3s.5’N 140”24’W

KP-f41L9 8 Sept  KOM 69*37.7*N 140”14*W
W-MS 8 Sept KOm 69”38.4*N 140’’ 13’W
11-mls 8 Sept h 69”37.5’N 140” 12’W
MNs-ntls 11 Sepc  Sam 69”36.2*N 140”12’W

MMs-nMs 13 Sept Sam 69*38.2~N 140”40*W

Whales  of VnriOna  origins S&sighted  at 3hakuk

P.v-mms 6 Sept w 69~11.2’N 137425’W

Whales  of Variou origins  Sesighced  Offshore from lbmaknk

SP-KP 3Aug AG 70’47.1SN 122”41’W

F.P-mms 3Aug m 70*47.2*N 122”41’W

5P -KP 18 Aug  m 69*20 .6*N 137”51’W

SY-sl-iltis 24 Aug ~ 69”59.0t  N 125”55’W

5P-MS 25 Aug S8 69439.7t  N 126”12.4’w

5P -I@Ls 6 SePC  KS 69”10.2PN 137”28.61U

81-m3Ls a Sepe  Kmm 69937 .1*N 140” 12’W

Wlia2es of Varions Origins I&sighted  Offshore from Waktavik

W-!nls 3 Aug AG 70- ’$7.2.  N 122”41”W

8 Sept

8 Sept

13 Sept

11 Sept

11 Sept

13 Sept

13 Sept

24 Sepc

24 Sept

28 Aug

22 Sept
28 AUK

12 Sepc

22 Sepc

22 Sepc

22 Sepcc

22 Sept

29 sepc

Worn

Kom

KOm

KOm

KOm

Km

worn

KOnl

worn

OK

OK

OK

CB

OK

OK

OK

OK

OK

Set-en-Year  Senighcings,  Varioms origins (1984) Co Wearshore  and  Offshore Kmakuk (1985)

02AND - MMS 16 AuS  HE 69”29.31N L36”48’W 13 Sepc KOm

DfAND  - NMS 17 Aug  HI 69”39. [’N 139”11’W 13 Sepc Kom

D2AWD  -  MMS I Sept FB 70a02.21N 126”52’w 22 Sepcc  O K

DIAND  -  lQ48 14 Sepc Kom 69435.9*N 140”23’W  , 22 Sepc  OK

69”38.8’N 140”111W

69”3S.3’N 140”06tW

69”37.6’N 140”44*W

69a36.2’N 14 O”1O*W

69”36.2’N 140”09*W

69”36.7’N 140”03*W

69”36.5’N 140”02*w

69”36.4’N 140”OS*W

69”36.7’N 140”06 ‘W

70”02.2’N 139”47’W

70”13. O’N 139”53’W

70”03.9’N 139”52’w

70”29.4’N 127”40’w

70”13.O’N 139”55~w

70”13.3’N 139”55’W

70”13.O’N 139”53’W

70”12.1’N 139”51’W

70”22.S*N 143003*W

69 °38.0’N 1140”40, W

69”37.4’N 140”38,  W

70”13. O’N 139”53’W

70”13.1’N 139”55’W

2

12

24

4

4

6

7

23

123

640

638

111

86

473

579

112

66

749

150

54

518

70

13.7

13.0

10.1

9.0

13.4

10.4

12.7

10.2

13.2

14.3

9.1

14.0

13.0

13.5

10.1

13.5

12.5

1.?.1

13.5

10.2

a KKS - this study by LGL for MM8. Sl - reprod”ccive  paramececs  study (Davis cc al. 1986 b). D2AND  - 1984 study by LGL for Canadian Department
of Indian Affairs and Northern Davelopmenr.  (Davis  er, al. 1986a).

b Irwacions: A G  = Amundsen  G u l f , N. W. T.; CB . Cape Se.thursc, N. U. T.; FB =Franklin  Bay, N. W. T.; 51 . Herschel Island, Y“k. ; 2nrI  - Krxnakuk,
Yuk.;  K? . K2ng  Point,  Yuk.; IfB .  Mackenzie Bay;  OK - Of fshore  from  Yauak”k,  Yuk.

c same whale involved in inter-day and  inter-year resighcing.
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However, there was also some exchange between Komakuk and other areas.
A whale photographed near Komakuk on 8 September during the reproductive
parameters project was re-photographed 66 km to the north on 22 September
during the present project (Fig. 66; Table 31). Other bowheads were still
present at Komakuk on the latter date (Table 21). Another whale at Komakuk on
24 September had been 123 km to the southeast near King Point on 6 September
(Table 31). These two records of movements into and out of the Komakuk area
show that the composition of the group of whales at Komakuk in September was
not static.

Demarcation Point.--One photo session was conducted near the coast at
the Alaska-Yukon border on 19 September (Fig. 52). We obtained 19 images (13
grade A and B) representing a maximum of 10 whales that were potentially
recognizable in other photo sessions. None of these whales, which were
traveling strongly westward, were photographed during other photo sessions.
It is noteworthy that these whales were apparently migrating westward from
the Komakuk area, yet there were no matches with whales that had been
photographed earlier in that area.

Offshore from Komakuk.--Aerial surveys in August indicated that some
whales were in the area offshore from Komakuk at that time (Fig. 53, 54). Two
whales photographed offshore from Komakuk on 28 August by Davis et al.
(1986b) had been recorded earlier at very different places: one about 111 km
to the southeast, near King Point, 10 days earlier; and another about 640 km
to the east, in Amundsen Gulf, 25 days earlier (Table 31 and Fig. 66, from
Davis et al. 1986b).

On 22 and 26 Sept 1985, we photographed bowheads well offshore from
Komakuk (Fig. 52). In total, 63 bowhead images were obtained; these
represented as many as 27 individually recognizable whales (Table 30). Five
whales that we photographed on 22 September had been photographed earlier
during the reproductive parameters study (Fig. 66; Table 31). One was the
aforementioned whale that had been along the coast near Komakuk on 8
September. Another had been about 112 km to the east, near King Point, on 6
September. Three whales had been photographed about 600 km to the east in
Amundsen Gulf and Franklin Bay earlier in the season. One of these had been
near Cape Bathurst (473 km to the east) as late as 12 September-~nly 10 days
before we found it off Komakuk.

The whales that we photographed offshore from Komakuk on 22 and 26
September were generally very well marked and contained a substantial
percentage of large, mature animals (Fig. 65). A high percentage (60 of 63,
95%) of the images obtained were considered re-identifiable, but none were
later re-photographed. One very distinctively marked whale observed at length
and photographed on 22 September was probably resighted on 23 September. The
markings on this whale were sketched on 23 September, but it could not be
photographed. This tentative refighting occurred 31 km SSW of the previous
day’s sighting, still within the area offshore from Komakuk.

The group of 15 or more whales 70 km north of Komakuk on 22 September
was apparently of mixed origin. One whale had been along the coast (66 km
SSW) near Komakuk on 8 September, another had been at King Point (112 km
east) on 6 September, and another had been 473 km to the east near Cape
Bathurst as recently as 12 September. These sightings suggest that the whales
offshore from Komakuk on 22 September had not been there for a prolonged
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period, but we have little direct information on their duration of stay. Two
whales were found at the same location on 23 September (Fig. 58A), but we
were unable to photograph them and we do not know whether they were two of
the same individuals present on the 22nd. One member of the group
photographed on 22 September had apparently moved about 31 km SSW by the next
day, based on the tentative visual refighting.

Offshore from Kaktovik.--We  photographed bowheads 30-40 km north and
northeast from Kaktovik on 23, 26 and 29 September (Fig. 52). Bowheads were
apparently common in this area from about 22 to 29 September (Fig. 58, 59).
In total, 49 photographic images were obtained; these represented up to 26
recognizable individuals (Table 30). Only one of these whales had been
photographed earlier in 1985; a whale photographed on 29 September had been
749 km to the east in Amundsen Gulf 57 days earlier (Fig. 66). No whales
photographed offshore from Kaktovik were re-photographed during later
sessions (in the case of the 29 Sept photo session, there were no
opportunities for resightings within this project). These results suggest
that the residence times of individual whales off Kaktovik were brief, and
that they were not part of the group of whales that had occupied the Komakuk
area in late August and much of September.

None of the bowheads photographed during this study were among the 13
whales photographed farther west during the Sandpiper Island study near
Prudhoe Bay (LGL in prep.).

Inter-Year Resightings.--Four bowheads that we photographed just east of
the Alaska/Canada border had been photographed in the Canadian Beaufort Sea
during 1984 (Table 31; Fig. 67). The 1984 photos were obtained by Davis et
al. (1986a). One of these whales was identified on two dates in 1985. It had
been in Franklin Bay on 1 Sept 1984, and moved from King Point to the area
offshore from Komakuk between 6 and 22 Sept 1985. In addition to these four
resightings during the present project, 16 other recognizable bowheads have
been photographed in the Canadian Beaufort Sea in two different years (Davis
et al. 1986a and in prep.).

Behavior of Bowheads in the Study Area, Autumn 1985

We observed the behavior of bowhead whales during 11 behavioral
observation sessions on eight different days in September 1985, generally
between Kaktovik and the Komakuk DEW site (Fig. 52, Table 32). Total
observation time was 15.2 h. Most behavioral sessions were either slightly
east of the ‘official’  study area or in loose ice offshore from Kaktovik
within the study area (Fig. 52). Water depths ranged from about 8 to 280 m,
although all but one session was in water <50 m deep. Sea state was usually
Beaufort 1.

General Activities.--Whales were encountered in aggregations covering
from about 4 km2 (in a small area surrounded by ice) to about 40 km2. The
estimated mean number of whales in these areas was 14 + s.d. 10, with a range
of 3-40. Estimated number of whales within our circle—of observation was 5 +
s.d. 2 (range 1-10).

Based on aerial observations of bowhead whales in the Canadian Beaufort
Sea during summer, three main categories of feeding activity have been
defined (Wtirsig  et al. 1985a): near-surface feeding, near-bottom feeding, and
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whales were definitely traveling toward the west during only one
observation session, on 19 September near Demarcation Point (141”W). This was
the only observation session for which we had no evidence of feeding, and it
is likely that the whales were actively migrating. During four additional
sessions, there was slow-to-medium speed travel westward, perhaps indicative
of a low level of migratory activity. These cases were on 13, 23 (2 sessions)
and 29 September. We observed surface feeding by the traveling whales on 13
September, and we suspected that water-column feeding was occurring during
the other three sessions of possible westward movement. Thus, it is probable
that bowheads sometimes feed as they travel slowly westward through the study
area.

We observed active social interactions, generally of low intensity,
during 6 of 11 observation sessions (Table 32, 33). On 22 September, social
activity occurred frequently. On all six occasions, socializing occurred
during observation sessions when surface feeding or possible water-column
feeding was also occurring in the same general area.

Calves were seen during four sessions, all well offshore. Two of these
sessions were in the ‘official’ study area (26, 29 Sept) and two were just to
the east (22, 26 Sept; Fig. 63). On three occasions, two or more calves were
present in the general area of observation. At times during periods of
suspected water-column feeding, we saw lone calves at the surface, presumably
waiting there while their mothers fed below (cf. Wtirsig et al. 1985a). On
each of these occasions, subadult whales were a~o noted (Fig. 65).

Whales were heard to vocalize during 8 of 9 observation sessions when
sonobuoys were used. During the afternoon of 26 September, high-frequency
calls were heard while a calf was alone at the surface with the mother
presumably feeding in the water column. We suspect that these unusual calls
may have come from the calf, but this is not certain. A similar case was
noted in August 1982 (Wursig et al. 1983).

Potential Disturbance*.--Several geophysical exploration vessels
operated in or near our official study area during September 1985. The
vessels present included some with high-energy noise sources for deep seismic
exploration, and others with low-energy sources. Seismic exploration within
the official study area was much reduced (and perhaps ended altogether) after
pack ice was blown into the area in mid September. However, some of the
whales north of Kaktovik and near Komakuk in late September were still
exposed to noise pulses from distant vessels operating outside the official
study area.

Overall, seismic pulses were detected near bowheads during 7 of the 9
behavioral observation sessions when underwater sounds were monitored near
whales (Table 34). In most cases the pulses were weak. The strongest pulses
received near whales were recorded on 22 September in deep water far north of
Komakuk. The received level on that occasion, 123 dB re 1 #Pa, was typical of
levels 25 km or more from seismic vessels (Greene 1985). In no case during
this study was the seismic vessel close enough to the whales to be noticed
from the observation aircraft. Previous studies have shown that bowheads

* Acoustic analyses were performed by Greeneridge Sciences Inc.
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Table 33. SoUaliZing, keadings  ad SIEedS  during each behavioral observation session, Septemkr
1985. TIE values in tk table are numkers of surfacings. Calves are excluded.

Ewe in Septemk 1985

12 13 19A 19B 22 23A 23B 24 26A 26B 29 Total

Nme
Actively Interacting
Proximity Mya

Total

- (k)

N
NE

E
SE

s
SW
w

NW

NM-SSE
SSW-NNW

Total

speed (EstkWed)

.Zero
slow
M&rate
Fsst

Total

29 18 8
10 5 -
- - -
— —  .
3 9 2 3 8

5 2 -
7 1 2
32-
6 2 -
3 1 1
8 1 3
3 8 1
1 1 -

— .
~52
12 10 4
— —  —
36 18 7

3 1 2
10 3 2
75-
2 - -
5 6 3
—— —
27 15 7

7

2
—
9

8

—

8
—
8

1
3
1
2
—
7

2 8 9
10 -
8-
——
4 6 9

7-
5-
7-
4-
7 -
4 2
3 5
2 1
——
16 -
9 8
——
398

6-
11 3

1
- -

17 -

<7

11

—
11

1
1
1
1

1
2
4

T
7
—
11

1
4
2

3
—
10

25 11
4-
0 -
— .
29 11

1-
2-
4 -
6 1
2 2
6 -
3 3

4
——
12 1
9 7
——
24 10

8 1
10 6
1 2
- -

3-
——
22 9

1.5
8
3
—
26

2
1
3
5
6
4
2
4

T
10
—
27

5
6
6

7
—
24

16
2
2
—
20

1
1
2
9
3
3
—
2

15
—
19

2
7
7

2
—
18

177
39
15

231

18
19
21
26
24
28
41
20

66
99

2i)7

29
63
34
3

48

177

a Whales within 1/2 bdy lergth W ~t overtly interacting. Pbtkers with Aves ad whales skim-
feeding in echelon formation are not counted aa socializing.
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Table 34. Potential sources of disturbance during behavioral observation
sessions, September 1985.

Characteristics of Seismic Pulses
Approx.
Depth at Pulse Main Peak

Observat ion Sonobuoy Type of Potential Interval Frequencies Level
Session location (m) Disturbance (s) (Sfz)a (dB re l~Pa)a

12 Sept

13 Sept

19 Sept A

19 Sept B

22 Sept

23 Sept A

23 Sept B

24 Sept

26 Sept A

26 Sept B

29 Sept

Komakuk

Komakuk

Beaufort
Lagoon

Demarcation
Point

Far north
of Komakuk

Komakuk

North of
Saktovik

Komakuk

North of
Snmak.k

North of
Kaktovik

NE of
Kaktovik

10

10

20

13

280

14

40

15

40

42

50

Faint seismic;
downawept  frequencies.

Mod. to faint seismic
from 2 sources, both
at -.11 s intervals.
DOwnswept  frequencies.

Distant boat, zodiac.
NO aonobuoy dropped.

Unknown; no aonobuoy
dropped.

Moderate seismic;
complex freq. pattern
including upaweep.
Ambient noise 94-97 dBa, b.

None

Seismic faded from
moderate to inaudible;
downawept  frequencies.

Continuous machiner
tnoise (100-105 dBa? )

plus faint high-freq.

pulses with frequency
upsw@ep.  -

Mod. to faint high-
freq. , closely-spaced
pulses with frequency
upaweep.

Nona

Faint seismic with
little freq. sweep.

6

11
for
each

aOurc@

10-14

10

10

1.4

11

250-450

300-600

100-650

100-700

500-1000

250-750

100-200

106

117-109

123

106-101

107

115-103

110-103

a Noise analyses were performed by Greene ridge Scfencea  Inc. , following methods of Greene (1985).
b 20-1000 Hz band level.
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continue their usual activities in the presence of seismic pulses with the
intensities recorded during this study (Richardson et al. 1985b,c, 1986).

The characteristics of the noise pulses received near bowheads were
quite variable:

1. Pulse interval: On some occasions the pulses were 10-14 s apart
(Table 34), which is typical of high-energy sources. On other
occasions the pulses were as closely spaced as one every 1.4 s
(Fig. 68G), typical of low-energy sources.

2. Pulse duration: Single pulses ranged in duration from about 0.1 to
0.7 s (Fig. 68).

3. Predominant frequency: The predominant frequency content ranged from
100-200 Hz to 500-1000 Hz on various occasions (Fig. 68).

4* Temporal pattern of frequencies: The predominant frequency sometimes
swept downward during the brief interval while a single pulse was
being received (Fig. 68A,B,D). This downswept frequency pattern is
typical for seismic pulses received in shallow waters of the
Beaufort Sea (Greene 1985). However, on some occasions during this
study there was an upswept frequency pattern (Fig. 68E,G), or a more
complex pattern that included an upsweep as one component (Fig.
68C) ●

Within any one observation session these four pulse characteristics remained
more or less constant, as one would expect during continuous operation of a
single noise source.

On one occasion (24 Sept) , whales near Komakuk DEW site were exposed not
only to faint seismic pulses but also to faint engine noise, possibly from
generators at Komakuk (Table 34). On another occasion (19 Sept), whales were
probably exposed to noise from a distant maneuvering boat (’Annika  Marie’)
and zodiac during an unsuccessful radio tagging attempt. In no case was the
behavior of the whales believed to be seriously affected by any of these
sources of potential disturbance.

Surfacing, Respiration and Diving Behavior.--In order to estimate the
amount of feeding within the study area, it is necessary to estimate average
distance traveled during feeding dives, duration of feeding dives, and
interval between successive dives. From these data, it may be possible to
make rough estimates of the number of dives per day and volume of water
filtered per day. Data on respiration are important in estimating energy
utilization. It is also necessary to determine whether these behavioral
characteristics vary according to location or depth, status or activity of
the whale, presence of potential sources of disturbance, or other factors.

We routinely recorded four measures of surfacing, respiration and diving
behavior, using the same definitions and criteria as in our previous studies
(Wtirsig et al. 1984):

- blow intervals --the intervals between successive respirations (n=995,
excluding calves);

- number of blows per surfacing (n=45);
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- duration of surfacing (n=79); and
- duration of dive (n=26).

The means, ranges, and distributions of these four variables during September
1985 (Fig. 69, 70) were generally similar to those observed during previous
studies in the Beaufort Sea during summer (Wfirsig  et al. 1984, 1985b) and
autumn (Ljungblad et al. 1984b, 1985b; Fraker et al. 1985).

Intercorrelationa: The durations of the dives preceding and following a
surfacing were apparently correlated at least as strongly during September
1985 as during summer 1980-84 (rs=O.521 vs. 0.435; Table 35A). However, the
September 1985 coefficient was only marginally significant (0.l>P>O.05),
given the small sample size (n=14; Table 35A). Previous autumn results are
inconsistent on this point: the correlation between previous and subsequent
dive duration was weak in autumn 1983 (rs=O.286, n=32, ns; undisturbed whales
only--Ljungblad et al. 1984b) but strong in autumn 1984 (product-moment
r=O.782, n=38, p<0.001; based on potentially disturbed whales--Ljungblad  et
al. 1985b). In general, during both summer and autumn it is likely that
adjacent dives tend to be of similar durations, since bowheads tend to engage
in one activity for at least a few hours or perhaps a few days.

In September 1985, as during other studies in summer and autumn, number
of blows during a surfacing was positively correlated with the duration of
the surfacing (Table 35B).

Previous summer work has shown that both number of blows per surfacing
and duration of surfacing are positively correlated with duration of the
preceding dive (Table 35C,D). During summer, correlations of both
blows/surfacing and surface time with duration of the following dive were
less strong although still significant (Table 35E-F). During September 1985,
most of these correlation coefficients were at least as high as in the
earlier summer work. However, all were non significant or only marginally
significant (0.l>p>O.01) because of low sample size. Interestingly, during
this study correlations with duration of subsequent dive appeared to be
stronger than those with duration of preceding dive, contrary to the summer
situation (Table 35E vs. C; F vs. D). Larger sample sizes in autumn will be
needed to confirm this apparent reversal. In general, however, during both
summer and autumn bowheads tend to remain at the surface for longer and
breathe more times per surfacing when dives are long than when dives are
short.

Disturbance Effects: Previous studies have shown that the four
surfacing, respiration and dive variables can be affected by seismic or boat
noise (Ljungblad et al. 1985b; Richardson et al. 1985b,c, 1986). During 4 of
11 behavioral observation sessions, the whales were classified as potentially
disturbed by underwater noise from distant seismic exploration (Sept 13, 22,
23B, 26A). During a fifth session, a whale was observed during possible boat
disturbance (Sept 19A). Consequently, we compared the behavior of bowheads
observed in September 1985 under ‘presumably undisturbed’ and ‘potentially
disturbed’ conditions.

Mean values of all four variables were significantly higher under
potentially disturbed conditions (5 observation sessions) than under
presumably undisturbed conditions (6 sessions; Table 36A). Similarly, means
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variables in autumn 1985
198C-84 (hlksig et al..- .-

1985b)a. rs is tk Spesrman  rank correlation. Calves are excluded. For 1985, data for
‘ presmably  undisturkd’ and ‘ @entially disturbed’ whales are preeented  separately and
poled.

A. J?mvims (he w.~ di= B. kkdE~ d b- =. W=

1985 Lkdkte ‘~= - n= O - 1985 Wt. ‘s = 0.774 n =

Mate 0.521 14 (*) Dist. 0.590
AU 0.521 14 (*) All 0.688

EX33 UlxEst 0.286 32 “k
%mxer Undiste 0.435 163 -

1985 Undist. ‘s= - n= 3 -
Dist. 0.383 17 ns
All 0.308 20 ns

Surrnrer Undist. 0.355 265 *

1985 Wdist. ‘S= - n= 1 -
Diet. 0.736 12 *
m 0.710 13 *

%nwr LMist. 0.194 235 ~

timE

17 *
28 **
45 *

1983 WC&St . 0.475 163 **
Smmx UE@st. 0.84!? 607 M*

D. Frwious &we vs. nudler of bk

1985 Umiist. ‘~ = - n. 2-
Dist. 0.330 10 ns
All 0.538 12 (*)

Ewmm Ucdiste 0.455 237 ~

1985 wt. r~= - n= O -
Dist. 0.703 7 n s
All 0.703 7 n a

-r LkxEst. 0.258 216 **

a Sunnx rs v~~ are w=i@ted averages of the five annual correlation coeff kients reportd by
Wrsig et al. ( 1985b), with approximate significance levels.

nsp>o.1 (*) 0.1 ~ p >0.05 * 0.05 ~ p > 0.01
** ().01 > p > 0.001 * p ~ 0.001
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Table 36. Summary statistics for the principal surfacing, respiration and dive variables,
Calves are excluded except where noted. ‘Official Study Area’ lines include
offshore waters north of Komakuk  on 22 and 26 September.

—. —

September 1985.
observations in

Number Number of B1OWS Duration of Uuration of
Of Ohs. Blow Interval (s) per Surfacing Surfacing (rein) Dive (mIn)

Sese -
ions Mean s.d. n Tesca Wean s.d. n Test !@ an s.d. n Test Nean s.d. n Test

A. A31 Areas
Undlscurbed
Disturbed

seismic

12.05 5.12 480 c’
14.40 8.59 515 *’II*
14.66 8.94 474 ***

17 c’ 1.56 0.?2 36 C* 7.07 6.68 5U
28 * 2.19 0.93 43 ** 19.38 7.83 21 **
25 * 2.20 1.00 37 ** 18.65 9.49 14 *

6.18 2.53
8.61 4.12
B.40 4.32

B.  O f f i c i a l  S t u d y  A r e a
Undisturbed
Disturbed

Seismic

3
4
3

12.61 5.25 279 c’
14.23 8.51 454 **
14.29 B.90 413 ● *

6.67 2.40
9.33 3.91
9.19 4.17

9 t’ 1.77 0.83 13 c’
24 * 2.33 0.92 34 (*)
21 * 2.36 1.00 28 (*)

C.  Komakuk A r e a
Undisturbed
D i s t u r b e d  ( s e i s m i c )

3
1

11.28 4.84 201 t’
15.66 9.18 61 ***

5.63 2.72
4.25 2.50

8 t’ 1.45 0.64 23 tt
4 ns 1.68 0.84 9 ns

D.  Of f .  Study Area vs .  Komakuk

Undisturbed 3/3 see above ** see above m see a b o v e n s

E. All Areas
Undisturbed

Water-col.  feeding
Wat-col  h travel
Wat-col  6 sfc feed
Near surface feed
Travel

1
1

1
2
1

12.87 5.82
10.06 2.53
12.00 4.43
11.40 4.99
14.69 3.92

155 ANOVA 7.29 1.89 7 t’ 1.81 0.74 11 t’
18 ns ns ns

111
183 5.63 2.72 8 1.45 0.64 23
13

F. Official Study Area
Undisturbed

Water-col. feeding
Wat-col  & sfc feed
Travel

1
1
1

12.87 5.82
12.00 4.43
14.69 3.92

155 ANOVA
111 ns
13

Disturbed
Water-col.  feeding
Wat-col & travel

3
1

14.62 8.83
10.72 3.00

408 t’
46 ***

G. Komakuk Area
tlndiscurbed

Wat-col & travel
Near-surface feed

1
2

10.06 2.53
11.40 4.99

18 t’
183 (*)

H. Ml Ohs. Sessions with Calvee
Undlscurbed

Calves 2 14.84 8.28 32 t’
Others  with  calves 12.51 5.29 266 nS

Disturbed
Calves 2 13.12 10.26 50 t’
Others with calves ., 14.74 9.29 361 US

a ns ❑ eans P> 0.1, (*) means O.l~P> 0.05, * means 0.05~ P> 0.01, ** means O.O1~ 0.001, *** means P~O.001.
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of all four variables were higher in the presence of distant seismic noise (4
sessions) than under presumably undisturbed conditions.

In and near the official study area, as in the entire area studied, mean
blow interval, number of blows per surfacing, and duration of surfacing all
were higher under potentially disturbed than undisturbed conditions (Table
36B; Fig. 71). In the Komakuk area, only blow interval was significantly
higher under potentially disturbed conditions, in part due to low sample
sizes for other variables (Table 36C; Fig. 71).

Previous summer and autumn data from the Beaufort Sea indicated that
durations of surfacings and dives tended to be reduced when seismic vessels
or boats were nearby. The opposite trend was observed here, Also, during our
observations in September 1985 the seismic vessels were all many kilometers
away. Hence, the actual disturbance to the whales was probably minimal. We
suspect that few if any of the bowheads studied in September 1985 were
actually reacting overtly to industrial disturbance. Natural factors that
differed between observation sessions may have been responsible for the
apparent differences in behavior in the presence and absence of weak sources
of potential disturbance. Nevertheless, we separate potentially disturbed and
presumably undisturbed data in most subsequent analyses.

Whales in Official Study Area vs. Komskuk Area: Seven of our 11
observation sessions were in the official study area or just east of it in
offshore waters; four sessions were east of the study area in shallow water
close to the Yukon coast near Komakuk (Fig. 52). We did not find whales
lingering in any nearshore area within-the official study area in the way
that. they did near Komakuk. Consequently, we examined whether the behavior of
bowheads near Komakuk was similar to that elsewhere in and near the study
area. For undisturbed whales, duration of surfacing and number of blows per
surfacing were similar in the two areas, but blow intervals tended to be
slightly shorter in the Komakuk area (Table 36D; Fig. 71).

Effects of Whale Activity: We categorized the 11 observation sessions
into five groups based on the main activities of the bowheads:

- apparent water-column feeding,
- apparent water-column feeding plus slow-moderate travel,
- apparent water-column feeding plus definite near-surface feeding,
- definite near-surface feeding, and
- travel.

We then compared respiration and surfacing variables for whales engaged in
these five activities. (Dive durations were recorded too infrequently for
meaningful analysis.)

Considering all undisturbed situations, we found no evidence that whales
engaged in different activities exhibited differences in surfacing and
respiration variables (Table 36E). In contrast, during previous summer work,
we found that bowheads feeding at the surface tended to have long surface
times and long blow intervals (Wtirsig et al. 1985b). There was no evidence of
such trends in the overall September 1985 data, although at Komakuk mean blow
interval was slightly longer during occasions with surface feeding (Table
36G). It should be noted that our method of analysis differs from that in the
summer work: our ‘surface feeding’ category considers all data from
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observation sessions when any surface feeding was seen; the summer analyses
of ‘surface feeding’ considered only those individual surfacings during which
the whale was feeding at the surface. In the September 1985 study we obtained
too few detailed observations of whales actively engaged in surface feeding
to apply the latter approach.

Within and near the official study area, blow intervals of undisturbed
bowheads did not differ significantly among the three activity categories
that were distinguished (Table 36F). However, blow intervals of potentially
disturbed bowheads in that area were shorter on an occasion with apparent
water column feeding plus travel than on three occasions with apparent water
column feeding alone (P<O.001, Table 36F). It is doubtful that this Was
indicative of any general tendency for shorter blow intervals during travel.
During the one observation session when undisturbed whales were observed
traveling strongly westward, blow intervals were relatively long (Table
36E). Furthermore, Ljungblad  et al. (1984b) also found that blow intervals
(and surface times) of traveling bowheads tended to be greater than those of
whales that were apparently feeding in the water column.

Calves vs. Other Bowheads: We gathered few behavioral data on calves
during September 1985. However, we were able to compare the blow intervals of
calves with those of other bowheads seen during the same observation
sessions. No significant difference was evident under either undisturbed or
potentially disturbed conditions (Table 36H). In the autumn of 1983,
undisturbed calves exhibited relatively long surfacings with many blows
(Ljungblad et al. 1984b). In previous summers, however, calves tended to have
relatively long blow intervals and few, not many}  blows per surfacing (W~rslg
e t  al. 1985b). In view of these inconsistencies and the generally low sample
sizes in autumn, we have continued our previous practice of treating calves
separately from other whales in analyses of surfacing, respiration and dive
variables.

Effects of Water Depth: our overall results from September 1985
indicated that number of blows per surfacing, duration of surfacings and
duration of dive were all positively correlated with water depth (Table 37).
For duration of surfacing and duration of dive, the overall correlation was
largely attributable to ‘potentially disturbed’ cases. We suspect, however,
that these trends would also be evident for undisturbed whales if we had
larger sample sizes. Blow intervals were not strongly related to water depth,
although a weak trend was evident when all cases were pooled (rs=O*lA~
p<o.05).

Previous observations in both summer and autumn have also demonstrated
that mean duration of surfacing and mean number of blows per surfacing tend
to increase with increasing water depth (Ljungblad et al. 1984b, 1985b;
Wtirsig et al. 1985b). Previous summer data (but not previous autumn data)
indicate that mean duration of dives increases with increasing water depth.
No clear correlation between blow intervals and water depth has been
demonstrated in previous work.

Distances Traveled Underwater: In order to estimate the volume of water
filtered by a bowhead whale during a feeding dive, an estimate of the
distance traveled during an average dive is needed. When possible, we
estimated the distance between the locations where a recognizable whale dove
and resurfaced. The estimates were done by eye from the circling aircraft,
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water depth and the various
and dive variables, September

Spearman
Rank

Correlation n ~b

Mean Blow Intervala vs. Depth

Undisturbed –0.047
Disturbed 0.132
All 0.144

# Blows/Surfacing va. Depth

Undisturbed 0.395
Disturbed 0.359
All 0.432

Duration of Surfacing vs. Depth

Undisturbed 0.105
Disturbed 0.576
All 0.468

Duration of Dive vs. Depth

Undisturbed 0.205
Disturbed 0.476
MI 0.370

120
88

208

17
28
45

36
43
79

5
21
26

ns
ns
*

ns
(*)
**

ns
***
***

ns

(:)

a Mean of all blow intervals within a given surfacing.
b ns means p > 0.1,

(*) means 0.1 > p > 0.05,
* means 0.05—> p > 0.01,

** means 0.01 y p > 0.001, and
*** means p < 0~001.—
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and distances from dye markers and
cases were excluded$ all estimates
are net straizht-line values in the

horizontal plane. For some whales, the results undoubtedly underestimate the
actual horizontal distance traveled, and in all cases they exclude the
vertical distance traveled. We have almost no information about the
underwater paths of the bowheads. The one clue was that whales often
resurfaced with a different heading from that when they dove, indicating that
their underwater paths were not straight lines. We also do not know how deep
they dove. However, we saw no whales bring mud to the surface during this
study, so we have no evidence that they dove to the bottom.

Estimated distances traveled during dives ranged from O to 700 m during
dives of duration 1.2 to 30.7 min (Table 38). During observation sessions
when whales were classified as feeding in the water column, the average
distance traveled during 12 dives was 383 m, and the average duration of
those dives was 20.5 min. There was no obvious correlation between distance
traveled and dive duration (r=O.07). If we consider three additional dives
during observation sessions when there was some surface feeding or traveling
as well as water column feeding, the averages are 337 m and 18.7 min (n=15);
the correlation between distance and dive duration was stronger but still not
significant (r=O.31, l-sided p>O.1).

These figures should not be extrapolated to other situations. Migrating
bowheads and other actively traveling bowheads sometimes travel considerably
farther than 700 m during a dive.

Summary: Surfacing, respiration and diving behavior of bowhead whales
during September 1985 was generally similar to that recorded during previous
summer and autumn studies. Durations of surfacings, durations of dives, and
number of blows per surfacing were positively correlated with one another and
with water depth. All four variables that we analyzed differed significantly
between undisturbed and potentially disturbed situations, but the directions
of the trends were inconsistent with previous more detailed work; we suspect
that the apparent trends were actually in response to naturally varying
factors. Blow intervals of bowheads feeding in shallow waters near Komakuk
(along the Yukon coast) averaged slightly less than those of bowheads in and
near the official study area. However, there was little evidence of differ-
ences in surfacing, respiration and diving behavior according to the general
activities of the whales. When bowheads were feeding in the water column, net
distances traveled during single dives ranged from about O to 700 m.

Other Behavioral Variables.--Undisturbed and potentially disturbed
bowheads did not differ significantly in their speeds of movement, frequency
of turns while at the surface, frequencies of pre-dive flexes and fluke-outs
before dives, or amount of social activity.

When diving, undisturbed whales raised their flukes above the surface
during a greater proportion of the dives when engaged in suspected water
column feeding than when surface feeding (74% VS. 27%, chi2=16.8, df=l,
p<o.ool). Undisturbed whales also fluked out more often in and near the
official study area than in shallow water close to Komakuk (62% vs.
chi2=12.5,  df=l, p<O.001).

30%;
We suspect that this result may be due to the

greater amount of water column feeding noted in and near the official study
area than off Komakuk,  where whales were usually feeding near the surface.
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Tkble 38. Fsttited  distances traveled underwater during divas by individually recognizable
bowhsads, %ptembm 1985.

Estimted Ihration
Predominantt Activity Observation Distance of Dim
bring Ok. Session Session Status Traveled (m) (rein)

m?sumbly LkKlistmrkd

Water*l. Feedirg 26 Sept B Nbther & calf 250

Wat-@l. & Sfc Feed 29 Sept Fbtkr
29 &pt [20:]
29 Sept 250

Surface Feed

-idly Disturbed

24 Sept 75

kter~l. Feeding 19 %pt A
19 Sept A
22 %pt
22 Sept
22 Sept
22 sept
22 Sept
22 Sept
26 Sept A
26 Sept A
26 Sept A
26 %pt A

Wat+l. & Travel 23 Sept B
23 Sept B

Large
Large
Large

Iarge
M3tkr & calf

Y2arling?
IWXkr & alf
M3ther, calf
& yearling?

300
300
7C0
700
100
300

[;:1
250
500
250

250

200
[ 100]

17.9

1.9
[45.8]a
7.4

1.2

19.2
21.3
29.1
24.8
27.5
30.7
(9.6)b
[:J;la

24:0
11.8

a 
Cne or ume surfacings tere missed; distarm estimate is net distance during tk stated

i n t e r v a l .
b  Diw d u r a t i o n  i s  spproxbte.
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Our summer work has shown that pre-dive flexes tend to be associated
fluke-outs, but occur less often (Wilrsig et al. 1985a,b). We found &he
trend in September 1985. We found no significant difference in frequency

of pre-dive flexes relative to general activity, location, or disturbance
category, possibly due to the low total number of pre-dive flexes observed.
However, pre-dive flexes occurred more often in September 1985 than during
August 1982, a month for which comparable data exist (pre-dive flexes
preceded 24% of dives in Aug 1982 vs. 36% of dives in Sept 1985; Aug 1982
data from Wiirsig et al. 1985a). In 1982, pre-dive flexes were more common in
late August than in early August; the 1985 data suggest that the increasing
trend extends into September. We do not know why this is so. However, a
general decrease in social aceivity and a possible increase in amount of
water column feeding and traveling during the latter part of the period in
the Beaufort Sea may be partially responsible.

Whales tended to move faster in and near the official study area than
off Komakuk. The percentages of surfacings with moderate or fast speeds were
45% and 24%, respectively (chi2=3.80, df=l, 0.l>p>O.05). This is consistent
with the fact that several identifiable whales were resighted at Komakuk over
periods of several days,
resightings in and near the

whereas there were no confirmed between-day
study area (Table 31).

Discussion

Numbers of Bowheads Present

Utilization of the eastern part of the Alaskan Beaufort Sea by bowhead
whales was reduced in 1985 relative to that in most other recenc years. There
were occasional sightings within the study area in August and mid September$

and some whales were seen west of the study area by mid September. However,
all evidence indicates that few bowheads were in the study area before mid
September. The only time when bowheads appeared to linger in the official
study area for a few days was in late September. Even then, the numbers
detected were quite low. Bowheads continued to pass through the study area in
early-mid October, but the numbers seen were very low.

It is important to assess whether this apparent low abundance in 1985
might have been due to unusually low detectability in 1985 rather than to an
actual scarcity of whales.

1. Both Naval Ocean Systems Center and ourselves found low densities
in 1985. Thus, the trend was not attributable to between-year
differences in survey techniques or observer abilities.

2. For September, survey and reconnaissance coverage of the study area
was more intensive in 1985 than in previous years. Thus , there is
little likelihood that major concentrations of bowheads could remain
present but undetected for more than a few days.

3* The behavioral data from September 1985 indicated that about 90% of
the on-transect whales would be expected to be missed during
systematic aerial surveys. Thus , actual densities and numbers of
bowheads present were much higher than evident during systematic
aerial surveys.
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Although detectability of bowheads was low in 1985, detectability
was probably not much lower in 1985 than in previous years. Data
from the Alaskan Beaufort Sea in 1981-84 suggest that bowheads were
below the surface about 88% of the time in those years (Table
26)--little different from the 90% estimated in 1985.

Detectability of some bowheads within the study area after mid
September 1985 may have been even lower than estimated above. The
behavioral data upon which our correction factor is based came from
areas with considerable open water. However, most of the study area
was >90% covered by pack andlor new ice after 17 September.
Detectability of bowheads during surveys over areas with much ice
has not been measured, but it is believed to be considerably lower
than that in open water.

Consequently, detectability of whales migrating through much of the
study area in late September and early-mid October was probably very
low. This deduction is consistent with the fact that , after
application of correction factors to the aerial survey results, the
estimated number of whale-days of Iltilization of the study area was
only about half of that required to account for migration of the
entire Western Arctic population of bowheads through the study area.

On the ocher hand, the area north and northeast of Kaktavik where
bowheads fed in late September contained less ice than most other
parts of the study area. Thus , detectability of the bowheads
feeding in the study area in late September was probably little (if
any) lower than that indicated by the behavioral observations, and
little if any lower than that in earlier years.

summary, the aerial survey data show clearly that unusually few
bowheads fed extensively within the eastern Alaskan Beaufort Sea during late
summer and early autumn of 1985. However, because of the extensive ice cover
after mid September, migrating bowheads were probably less conspicuous than
in some other years, and less conspicuous than the correction factors
assume. Consequently, for bowheads migrating through the study area after mid
September of 1985, our estimates of corrected densities and numbers were
probably low. However, it should not be assumed that the entire Western
Arctic bowhead population traveled through our study area during August-
October 1985. Some probably traveled westward north of the 2000 m contour,
and some may have remained north or west of the study area throughout the
summer (see ‘Estimated Numbers Present ‘ subsection, earlier).

It is clearly important to determine the detectability of bowhead whales
during aerial surveys over ice-covered areas, and to compare detectability in
open water vs. pack ice. One way in which this could be approached would be
through radio-telemetry. Little information about surfacing/dive cycles of
whales in heavy pack ice is presently available. Monitoring of radio-tagged
whales could provide such data.

Mothers, Calves, and Possible Population Segregation

Many if not all bowhead calves born during the spring or early summer
continue to accompany their mothers during the autumn migration through the
Alaskan Beaufort sea. ?lothers were observed feeding within and near the study
area on several occasions during September 1985. Based on visual
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pattern of occurrence of mother-calf pairs within and near
1985, as in previous autumns, appeared similar to that of
a whole (Tables 28, 29).

The photogrammetric  data, on the other hand, showed that there were
differences in the composition of the whales at different locations in and
near the study area. Within the official study area, the one location and
time where bowheads were seen feeding on several days was well offshore north
of Kaktovi.k in late September. Calves, subadults  and adults were all present
(Fig. 65). However, numbers of adults (>13 m long) and calves were

proportionately higher, and numbers of subadults were lower, than are often
found on the summering grounds (cf. Davis et al. 1983, 1986a,b). Our results
from waters well offshore from ~makuk were similar--calves and adults were
well represented (Fig. 65). In contrast, whales along the shore near Komakuk
and Demarcation Point were predominantly subadults; only 7%, or 8 of 117,
were >13 m long (Fig. 65). We did not confirm the presence of any calves
there, although NOSC personnel reported two mother-calf pairs there on each
of two dates.

These results suggest that there may be partial segregation of bowheads
by size and age class while they are in and near our study area during late
summer and early autumn. Subadult whales may be most common close to shore,
and adults (and calves) more common offshore. To confirm this relationship
within our official study area, we need to measure bowheads close to shore in
that area during a year when whales are more common there than was true in
1985.

Feeding Areas

In previous years, bowheads known or suspected to be feeding have been
observed at many locations within the continental shelf portion of the
official study area (Ljungblad et al. 1984a, 1985a, in press; LGL and Arctic
Sciences 1985). In 1985, the only part of that area where much feeding was
observed was 30-40 km north and northeast of Kaktovik in late September. Most
feeding in that area was in the water column well below the surface, but some
near-surface feeding was observed on 29 September. Our only other observation
of feeding bowheads within the official study area was close to shore at
142°W on 19 September, where 2-3 whales appeared to be feeding in the water
column. In some previous years there has been much feeding in relatively
shallow water off Demarcation Point (141°W) and elsewhere in the continental
shelf portion of the study area. However, feeding whales did not occur in
most of these areas during 1985.

The predominance of water-column feeding over other feeding modes within
the official study area was consistent with observations in previous years.
In both 1985 and previous years, near-surface feeding has rarely been
observed in this area, and near-bottom feeding (as evidenced by mud brought
to the surface) has not been reported. Ice conditions prevented us from
studying zooplankton amidst concentrations of feeding bowheads in 1985.
However, the predominance of water-column over near-surface feeding was
consistent with the very low biomass of zooplankton in surface waters within
most parts of the study area in September 1985. Zooplankton biomass was
usually much higher in one or more ‘layers’ of plankton, each 5-10 m thick,
at depths between 10 and 40 m (see ‘Zooplankton’ section). 130wheads feeding
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in the water column presumably concentrated their feeding activity in those
layers.

Feeding bowheads were found more commonly just to the east of the
official study area than within it during 1985. Bowheads were present for
several weeks in shallow waters (<15 m) along the Yukon coast near Komakuk.
They often fed near the surface, although water column feeding was sometimes
suspected as well. Bowheads had also been present and feeding along the coast
near Komakuk at corresponding times in 1984 (Richardson et al. 1985a;
Ljungblad  et al. in press). In both 1984 and 1985, most bowheads feeding in
shallow water near Komakuk were subadults (Fig. 64 and Davis et al. 1986a,
b). Previous to 1984, no concentration of feeding whales had been noticed
there. At least in 1983, survey coverage near Komakuk during late summer was
sufficient to show that no concentration of whales was present (Richardson et
al. 1984, 1985a). No measurements of food availability were obtained in the
Komakuk area in any of these years.. However, zooplankton abundance is
occasionally high in surface waters close to arctic shorelines during late
summer (see ‘Integration’ section, beyond).

The behavior of the whales that fed within the official study area in
late September 1985 was similar to behavior during previous summer and autumn
observations of water-column feeding (cf. Wiirsig  et al. 1984, 1985a,b). Brief
surfacings were interspersed between l~ng dives, and net motion during dives
was generally no more than a few hundred meters (Sept 19A, 23B, 26B and 29
data in Table 38). However, during at least two of these four observation
sessions, headings were predominantly westward when the whales surfaced
between feeding dives (Sept 23B and 29; possibly also 19A; see Table 33).
This suggests that the whales feeding within the official study area may have
been traveling gradually westward rather than remaining in one specific
location. The lack of resightings of individually recognizable whales within
the official study area was also consistent with the idea that individual
bowheads did not linger for long at feeding locations within that area.

Feeding locations in and near the Eastern Alaskan Beaufort Sea have
differed between years (LGL and Arctic Sciences 1985; Ljungblad et al. in
press; this study). Certain areas were used by feeding whales in more than
one year, but feeding has not been observed in any one area in all years when
it was surveyed. Variable ice cover was probably partly responsible for this
variation in feeding areas (Ljungblad et al. in press). However, areas used
for feeding in some years were not used in some other years even when ice was
absent or light. For example, coastal waters near Komakuk were ice-free in
August 1983, but bowheads were absent (Richardson et al. 1984). Thus, we must
look to factors such as variation in food availability for an explanation of
the year-to-year differences in feeding locations (see ‘Integration’).

Residence Times

The vertical photography done during this study provided important data
on residence times and patterns of movement of specific individual whales.
Fortunately, an extensive photography program was conducted on the Canadian
summering grounds immediately before, and overlapping with, our study period
(Davis et al. 1986b). The majority of the resightings within our study area
involved whales that were first photographed during the summer study and
later re-photographed during the present study.
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The whales that fed along the Yukon coast near Komakuk from mid August
to late September 1985 included some individuals that were present repeatedly
(if not continuously) for lengthy periods. Periods between first and last
sightings were 2 to 16 d, averaging 7 d. These figures underestimate the
maximum and average residence times , since whales near Komakuk were
photographed on only 6 days, and only a fraction of those presenr were
photographed on any one day. Thus, the re-identification  data from the
Komakuk area showed that some individual bowheads did utilize a specific
feeding area close to the official study area for significant periods. These
individual bowheads were presumably acquiring a significant fraction of their
annual energy intake in that one location.

In contrast, there were no between-day re-identifications of whales
north and northeast of Kaktovik, the one significant feeding area that we
identified within the official study area during 1985. This evidence,
although not conclusive, suggests that there was rapid turnover of the
bowheads present off Kaktovik in late September. One whale found there on 29
September had been far to the east in Amundsen Gulf in early August (Table
31).

Importance of the Study Area for Feeding

Results from this and other studies showed that few bowhead whales fed
within the official study area at any time during the late summer or autumn

of 1985. After the aerial survey data were corrected for submerged and other
missed whales, the calculated number of ‘whale-days ‘ within the study area
was low (possibly 1200 in early-mid Aug and 2400 during the migration period
in Sept-Ott). These values are very approximate because of the low sample
sizes and extreme degree of extrapolation involved. However, the 2400
estimate for the migration period is lower than the 4400 expected if the
Western Arctic population had migrated steadily westward through the study
area at 5 km/h without stopping to feed. In fact, at least a few whales did
stop to feed in the study area in late September.

Although the numerical estimates were very approximate, two conclusions
can be drawn:

1. The 2400 ‘whale-days’ figure for our study area in Sept-Ott 1985 was
probably underestimated, perhaps by a factor of x2 or more. Whales
migrating through areas covered by heavy pack ice were probably even
less conspicuous than our correction factors assume.

2. The number of whale-days of feeding within the study area was very
low. This conclusion would be true even if bowheads fed as they swam
westward, as our behavioral observations on some dates suggested.

In contrast, numerous bowheads were detected in Canadian waters during
late summer and autumn of 1985. Two extensive aerial survey programs were
conducted within the Canadian part of the Beaufort Sea during August and
early September 1985 (Davis et al. 1986b; Duval et al. in prep.). LGL also
conducted less extensive surveys there in October 1985. Many bowheads were
found in Canadian waters in all three months, including several hundred in
Mackenzie Bay in early September (Davis et al. 1986b) and a minimum of
several dozen in the same area in early October (LGL unpubl.).
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Results from previous years have shown that some bowheads regularly
remain as far east as Franklin Bay, 550 km east of the Alaska-Yukon border,
until early-mid September (see Richardson et al. 1985a for review). In 1981,
there was a major effort to survey the entire summer range and to correct the
aerial survey results for missed whales (Davis et al. 1982). In that year,
the majority of the population was accounted for in Canadian waters on 7-14
September, even though it was not possible to survey all Canadian waters
where bowheads were known or expected to occur. The Canadian results, along
with data on the timing of peak migration through Alaskan waters in various
years (Johnson 1983; Ljungblad  et al. 1985a), show that most bowheads do not
move into the Eastern Alaskan Beaufort Sea before mid September.

At least a few bowheads remain in Canadian waters until early or even

mid October (Ljungblad  et al. 1983, 1985a; LGL unpubl.). The numbers that do
so are not known because, before 1985, there had been almost no survey
coverage of the Canadian Beaufort Sea after mid September. Ice conditions in
the Alaskan Beaufort Sea worsen rapidly in October, and very few bowheads
remain there after mid October (Ljungblad  et al. 1985a). The last sightings
in our official study area in 1980-84 were on 26 September-10 October (NOSC
and other data summarized by LGL and Arctic Sciences 1985). The last sighting
there in 1985 was on 12 October (Fig. 61B). Hence, the whales that remain in
Canadian waters until October probably travel rapidly through the Alaskan
Beaufort Sea without lingering to feed there.

In their analysis of trophic relationships in the Alaskan Beaufort Sea,
Frost and Lowry (1984) assumed that an average Western Arctic bowhead feeds
for 25 days~year within the Alaskan Beaufort  Sea. Some of this feeding would
be during spring migration or in autumn west of our study area. However, the
primary feeding area and feeding period within the Alaskan Beaufort Sea is
believed to be within our study area during late summer and early autumn
(Ljungblad et al. in press).

The average duration of feeding within our study area in
and autumn of 1985 was much less than 25 days. Even if the
estimate for Aug-Ott 1985 was underestimated by a factor of
than the x2 suggested above, an average bowhead would have

the late summer
3600 whale-days
x3 to x5 rather
been within our

Study area for only 2.4-4.1 days (3-5 times 3600 whale-days/assumed
population of 4417 whales). The 2.4-4.1 days would include the 1 day needed
to migrate across the area at an assumed speed of 5 km/h.

Considerably higher densities of bowhead whales were within our study
area during most previous autumns than during 1985 (Table 24 vs. 22). For
example, the average raw density within the continental shelf stratum (depths
0-200 m) in September of 1979-84 was about 10 times that found in mid-late
September 1985. The lack of correction factors for whales missed during the
1979-84 aerial surveys makes it difficult to obtain quantitative estimates of
whale-days in the study area in years before 1985. The correction factors are
specific to the year and area, and to the aerial survey crew that collected
the data. However, the number of ‘whale-days’ within the study area in some
previous autumns was undoubtedly much higher than that in 1985.
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ENERGETIC OF BOWHEADS*

Large whales cannot be kept in captivity and are difficult to study in
nature, especially in the undisturbed state. Direct estimation of energetic
requirements for these animals is, thus, difficult. Lockyer (1981) and
Thomson and Martin (1984) estimated the feeding rates of Antarctic rorquals
and gray whales in nature, but their “direct” estimates were based on
circumstantial evidence and many assumptions. Gray whales are benthic
feeders and leave a record of their feeding activities on the sea bottom;
even with this evidence, it was only possible to make a rough estimate of
food consumption. Planktivorous bowhead whales leave no such record and the
‘*direct” estimates of feeding rates to be obtained during the present study
also involve many assumptions and much circumstantial evidence.

To estimate the feeding rates of bowheads in nature, we must estimate
(1) quantities of zooplankton found near feeding whales, (2) size of the
mouth opening and swimming speed while feeding, and (3) the number of hours
of feeding per day. These data can be used to estimate daily consumption of
zooplankton.

As a check on and supplement to the estimates of food consumption made
from field studies, this section also estimates the theoretical energy
requirements of bowhead whales using five different approaches.

1.

2*

3.

4*

5.

Respiration method: Energy requirements are estimated by using
observed breathing rates and estimated lung volumes to estimate
oxygen consumption and thus metabolic rate. This approach is an
adaptation of a method applied to Antarctic rorquals by Lockyer
(1981) and to gray whales by Sumich ( 1983).

Basal metabolism is estimated using Kleiber’s equation for
terrestrial mammals. This equation is also applicable to marine
mammals (Lavigne et al. 1986).

Standard metabolism is estimated using the method of Brodie (1975,
1981).

Power output: An estimate of metabolic requirements is derived by
estimating muscle power output using the assumptions of Lockyer
(1981).

Cost of motion through the water is estimated using the hydrodynamic
method of Sumich (1983), with improvements.

These five theoretical estimates are compared to one another and with
estimates that have been derived for other whales. Based on the results of
this comparison, we present estimates of energy needs for calves, subadult
animals, adult males, and adult females. Energetic costs of growth,
pregnancy and lactation are taken into account.

* By Denis H. Thomson, LGL Ltd.
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As background material for these analyses, it is necessary to estimate
several aspects of the sizes of bowheads. In order to make a direct estimate
of feeding rates in nature, the cross–sectional area of the mouth opening
while feeding must be known. The various theoretical estimates require data
on body weight (for the basal metabolism method), weight of muscle (power
output), lung volume (respiration method), metabolically active surface area
(standard metabolism) and total surface area (hydrodynamic method). To
estimate the amount of energy needed for growth, the proportion of muscle and
blubber for animals of various sizes must also be known. Most of these data
were not previously available for bowhead whales; they are estimated below.

Size of Bowhead Whales

Direct measurements of the weights of bowhead whales are not available.
Volumes, weights and surface areas of bowheads were estimated using
measurements made from known-scale aerial photographs. Seven vertical
photographs taken in 1982 by Davis et al. (1983) showed good definition of
both sides of the whale as well as its length. Techniques used to measure
lengths of whales are described in Davis et al. (1983). The whales were
assumed to be circular in cross section and were divided into six truncated
cones. The length of each segment, its diameter at each end, and the total
length of the whale image were measured (in mm) from the seven photographic
prints. These measurements were compared to total whale length (in m) as
determined by Davis et al. in order to obtain actual measurements of the
‘segments’ in meters. As a check on accuracy, the fluke width and
snout-to-blowhole distances were estimated from the prints by the same
method, and compared to previous measurements of the same parameters as
obtained by Davis et al. (1983). The error in our measurements as compared
to the earlier photogrammetric results was 1.1% ● s.d. 0.7%. This
imprecision is additional to inherent uncertainty in the photographic
technique, which was about 3% (Davis et al. 1983).

The weight and surface area of a bowhead were estimated by calculating
the volumes and areas of the truncated cones. Density was assumed to be 1
kg/L. The metabolically active surface area is the surface area of muscle
(Brodie 1981). The region posterior to the blowhole was taken to be the body
core, and the body core was assumed to be covered by 25 cm of blubber (15 cm
in neonates; Lubbock 1937; Brodie 1981). The surface area and volume of the
metabolically active body core were calculated from the dimensions of the
truncated cones. The weight of blubber covering the entire body was also
calculated assuming that blubber thickness on the head was the same as that
on the rest of the body. The weight of muscle and viscera was calculated
assuming a density of 1 kg/L. The various estimates for the seven whales
(Table 39) were plotted against whale length and curves were fitted by
regression. Analysis of scatter plots and residuals indicated that power
curves (weight = A lengthB) best described the length-weight relation-
ships. The resultant equations were used to estimate these parameters for
whales of various sizes.

The area of the tail fluke was calculated from known-scale photographs
of 12 whales ranging in length from 4.87 to 16.18 m. These areas were also
plotted against whale length and a curve was fitted by regression. A power
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Table 39. Estimates of weight, surface area, weight of muscle and viscera,
metabolically active surface area, and weight of blubber for
bowhead whales of various sizes. All data were estimated from
aerial photographs as described in the text.

Weight of Weight
Surface muscle and Metabolically of

Length Weight area viscera active surface Blubber
(m) (MT)a (m2) ( MT) area (m2) ( MT)

6.40 6.9 21.0 3.8 13.5 2.9
9.65 16.6 40.8 5.7 19.3 8.5
10.00 22.3 48.3 9.5 26.3 10.3
11.99 30.1 60.8 13.4 33.2 13*1
12.77 42.1 74.2 i9.4 40.9 16.3
13.70 45.6 79.4 22.2 45.6 17.5
14*37 53.6 87.8 24.6 48.0 19.5

Regression Equationb

A 0.058 0.771 0.324 0.561 0.043
B 2.552 1.775 2.460 1.659 2.317
r 0.994 0.997 0.959 0.974 0.993

~ MT = ~tric tons ( 1 MT = 1000 kg).
y= Ax.

cur e best described this relationship (fluke area (m2) = 0.0135
@2,r= 0.987). This equation was used to derive estimates of
areas for whales of various sizes.

Mouth Opening

In order to estimate potential feeding rates of bowheads,

length
fluke

it is—
necessary to know the size of the mouth opening. The mouth area of a bowhead
can be calculated from the length of the baleen, width of the head and mouth
gape. The maximum length of baleen from 25 whales 8.7 to 17.5 m long taken
by the “Cumbrian” in 1823 (Lubbock 1937) was 20.3% * s.d. 1.2% of total body
length. The growth of baleen in these whales appeared to be allometric,
i.e. the baleen length as a percentage of total length was not related to the
length of the whale (for log (baleen length/total length) vs. log length, r =
0.14, df = 23, p>O.1). The width of the head in the vicinity of the
blowhole, as measured on aerial photographs, is 19.1% * s.d. 1.3% of body
length (n = 7), and at this point the width of the upper jaw is about half
that of the lower jaw. Maximum body width posterior to the head occurs at
the position of the flippersj and is 22.9% * s.d. 2.1% of body length. The
mouth is narrow at the anterior end and becomes progressively wider toward
the back. At the corners of the mouth, width would be between 19.1% of body
length (= maximum width of head) and 22.9% of body length (= maximum width at
flippers). The baleen is short at the anterior end and becomes longer to the
back. The cross-sectional area of the mouth opening through which water
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would enter the mouth is variable and can be controlled by opening and
closing the jaws.

Aerial photographs (Fig. 72) and observations of whales by ourselves and
others (e.g., Scoresby 1810 in Pivorunas 1979; Wtirsig et al. 1985a) show—
that, when surface feeding, the mouth opening may be quite large. The short
anterior baleen plates apparently do not touch the lower jaw.

The jaws are open to such an extent that the most anterior baleen that
is in contact with the lower lip is near the blowhole (Fig. 72). While
feeding, the lower lips expand laterally and the baleen plates are spread to
contact the lower lip. When the mouth is open wide while feeding, the
upwardly-arching lower lip maintains the plankton trap effect even when the
anterior baleen is not in contact with the bottom of the mouth. Since the
mouth becomes wider posteriorly, the effective cross-sectional area of the
opening becomes much larger as the mouth is opened wider.

The above observations are of bowheads feeding within a meter or two of
the surface--close enough to the surface to be visible from an aircraft. We
have no information on the size of the mouth opening when feeding farther
below the surface, where most feeding occurs. However, some of our
observations of near-surface feeding involved whales swimming below the
surface with mouths wide open. For the purposes of energetic computations,
we assume that they feed in the same way when feeding deeper in the water.
The jaws are assumed to be open far enough that the most anterior baleen to
contact the lower jaw is near the blowhole.

Figure 72. Outline of a photograph of an 8.6 m bowhead whale that was skim
feeding on its side near the water surface. The photograph was
taken from an aircraft off the Yukon coast in the Canadian
Beaufort Sea on 30 August, 1985 by Davis et al. (1986b).
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The cross-sectional area of the mouth opening was calculated as
follows. The mouth opening at the point where the baleen intersects the
lower lip was assumed to be the width of the unexpanded lower jaw near the
blowhole (19.1% of body length). The upper jaw was estimated to be one-half
this width (9.6% of body length). The length of the longest baleen
calculated from the “Cumbrian” data was 20.3% of total body length. The
method used to measure total body length on the ‘“Cumbrian” is unknown and
this is a possible source of error. We assume that overall length was
estimated while the whale was in the water alongside the whaleship. B a s e d  o n

these data and assumptions, the mouth opening for whales 7 to 18 m long can
be approximated by the equation

Mouth opening in m2 . 0.0291 x (total length in m)2

A 14.5 m adult would have a mouth opening of 6.1 m2 at the point where the
baleen intersects the lower jaw; corresponding values for 8, 1307 and 16 m
whales would be 1.9, 5.5 and 7.4 m2, respectively.

A wide variety of estimates of mouth opening have been reported
previously. Nemoto (1970) estimated the mouth opening of a right whale to be
8.9 m2. In contrast, Brodie (1981) assumed that the mouth opening of a 13.7
m bowhead was only 1 m2, as compared with our estimate of 5.5 m2 for a whale
of this size. Brodie did not provide details of how the 1 m2 figure was
calculated. Griffiths and Buchanan (1982) considered both the 8.9 mz and the
1 m2 figures in their analyses of bowhead energetics~ plus an intermediate
5.(I m2 value. Lowry and Frost (1984) estimated that the mouth opening of a
13.7 m bowhead was 3.6 m2. Their value is apparently too low because they
underestimated length of baleen and width of upper and lower jaw.

Size Structure of Population

To estimate the energetic requirements of the whale population, it is
necessary to know the number of animals of each size. Davis et al. (1983,
1986a,b) and Cubbage et al. (1984) have measured the lengths of substantial
numbers of bowhead whales in the Canadian Beaufort Sea in 1982-85. However,
these data are not necessarily representative of the length-frequency
distribution of the population as a whole because animals were apparently
segregated by size, especially in 1983-85. This size segregation was less
apparent in 1982. Hence, the length-frequency distribution for that year
(from Davis et al. 1983) was used to estimate the length-frequency
distribution of the population for the purposes of energetic computations
(Table 40). The mean lengths of neonates in summer, subadults, and mature
adults, were estimated as 6.4 m, 10.8 m and 14.5 m (Table 40).

Estimated Dimensions and Weights for Average Individuals

The previously derived weight, surface area and mouth area estimates
were applied to the preliminary estimates of mean lengths of various
components of the population to determine parameters required in energetic
computations (Table 41).

In the North Pacific right whale, blubber is 43% of body weight (Brown
and Lockyer 1984). In an adult bowhead, we have estimated that blubber is
40% of total weight. Brown and Lockyer estimated that the bone weight of
North Pacific right whales is 13% of body weight, and that the weight of
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various
of Davis

S i z e Mean
range length
(m) % (m)

Neonates (age <1 yr) 4.1-7.6 10.6 6.4

Subadults (age >1 yr) 7.6-13 52.3 10.8

Adults 13-18 37.2 14.5

All subadult and adult 89.5 12.4

Table 41. Estimated dimensions and weights of average bowheads.

Average
Neonates Subadults Adults non-calf

Mean length (m) 6.4 10.8 14.5 12.4

Weight (MT) 6.6 25 53 36

Body surface areaa (m2) 21 53 89 67

Total tail fluke le6 5.1 9.7 6.9
surface area (m2)

Weight of muscle and 3.1 11 23 16
viscerab (MT)

Metabolically active 12 29 47 37
surface area (m2)

Weight of blubber (MT) 3.2 10*7 21.1 14.7

Mouth opening (m2) 1.2 3.4 6.1 4.5

a Not including the tail flukes.
b Includes bones.
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viscera is also 13% of body weight. We assume that these values apply to
bowheads.

Weight of blubber in a bowhead can also be estimated from data on oil
yield found in Lubbock (1937). There is a good correlation between length of
baleen and oil yield (r = 0.963, df = 23) as recorded for bowheads taken by
the “Arctic” in 1873. However, the units used to report oil yield are
uncertain, so these data cannot be used in an absolute sense at the present
time.

Theoretical Energetic Requirements

Theoretical energetic requirements can be estimated in a variety of
ways. The respiration method yields an estimate of active metabolism. If
the respiration rates were measured over a wide range of activities, as has
been done for bowheads, then this estimate may be representative of average
active metabolism. In contrast, the power output and hydrodynamic methods

yield estimates for a specific activity--motion. These methods were used for
comparison with the results of the respiration method as applied to migrating
whales. The basal metabolism estimate represents the minimum expected rate
of energy expenditure, and applies to resting animals. It is useful for
comparison with active rates. The standard metabolism method yields an
estimate that includes basal metabolism and other metabolic costs such as
warming ingested food and inspired air. For comparative purposes, all of
these methods are used in this section. However, the respiration method
covers a wider range of activities than the others~ so it is used in later
sections to estimate energetic requirements of various segments
population and the population as a whole.

Respiration Method

Energy requirements in nature can be estimated by calculating

of the

oxygen
consumption of the animals (Sumich 1983). Estimates of oxygen consumption
are based on the observed breathing rate plus estimates of the size of the
lungs, tidal volume, and oxygen utilization.

Blow Rates,-- Available data on blow rates (i.e. breathing rates) of
bowhead whales in the eastern and western arctic are summarized in Table 42.
The mean blow rates ranged from 0.38 to 1.01 blows/rein in various
circumstances. Blow rates for fall migrating whales in the eastern and
western arctic were about 0.61 and 0.73 blows/rein. Blow rates for feeding
whales were about 0.52 to 0.92 blows/rein. The highest mean blow rate was for
socializing whales; the lowest was for spring migrants in the Alaskan
Beaufort Sea (Table 42). Mean blow rate for all activities in summer was
0.77 blows/rein (Wiirsig et al. 1985b). Mean blow rates for all activities
during fall migration was 0.66 blows/rein according to Ljungblad et al.
(1984b) and 0.72 blows/rein according to this study (Table 42). The weighted
average of the two ‘fall’ values is 0.67 blows/rein.

It should be noted that these data were collected by different groups of
observers using varying techniques. Calculated blow rates depend strongly on
the mean dive times, and dive time data are often biased by observational
problems. Thus , the mean values in Table 42 should be considered to be
approximate, and apparent differences--particularly between results from
different observation teams --should be treated with caution. In particular,
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the data for spring migrants off Alaska should be treated cautiously because
only those data were collected from a low observation angle (the ice edge),
and because behavioral observations were not the primary purpose in that
Study.

Swimming Speeds.--Data on migration speeds of bowheads are a useful
indicator of the animal’s level of activity. Traveling speeds of bowhead
whales have been measured in the eastern and western arctic. During fall
migration in the eastern arctic, Koski and Davis (1980) used cliff-based
theodolite measurements to measure the traveling speeds of 22 southbound
whales as 5.01 * se. 0.28 km/h. The speeds of 10 other whales recorded over
an average distance of 14.3 km using aerial and cliff-based observations was
4.7 A se. 0.5 km/h. Off Cape Lisburne in the Chukchi Sea, Rugh and Cubbage
(1980) estimated that northbound spring migrants averaged 4.7 * s.d. 0.6
km/h. Ljungblad et al. (1984b), based on aerial observations, estimated
swimming speeds of migrants during the autumn migration through the Alaskan
Beaufort Sea. Five individual whales averaged 5.0 * s.d. 1.97 km/h and two
groups of approximately 10 whales each averaged 4.3 and 8.5 km/h. Mean speed
of all animals observed by Ljungblad et al. (1984b) was 6.1 km/h. Ray et
al. (1984) recorded speeds of up to 11.2 km/h for bowheads moving to an
apparent feeding area.

Fewer data are available on speeds of feeding whales. Wtirsig et al.
(1982), based on theodolite data from Herschel Island in 1980, found an
average speed of 5.1 * s.d. 2.93 km/h (n = 18) for whales that appeared to be
feeding. Finley et al. (1986), also using a theodolite,  measured swimming
speeds of bowheads feeding in deeper water in the eastern arctic. Whales
feeding at a specific location showed little horizontal movement from one
surfacing to the next. It is not known how far or fast they traveled while
under water. A whale feeding near the surface along a slick line traveled at
2.1 to 5.2 kmlh over the 5 h that it was tracked. Rate of movement slowed
and dive duration increased where the slick line was most prominent (Finley
et al. 1986).

Lung and Heart Size--- I-laldiman  et al. (1981) measured the dimensions of
one preserved lung from each of five bowhead whales. Volumes that I
calculated from these measurements were used to estimate the total volume of
the preserved and collapsed lungs. Only one lung was actually weighed. The
left lung of an 8.7 m whale weighed 33.2 kg. The right lung was not weighed,
but had a volume of 30.5 L. Based on this, I assumed that lung volume (in L)
is a close approximation of the weight (in kg), i.e. that the density of the
preserved and collapsed lungs was 1 kg/L (Table 43).

The estimated weights of bowhead lungs (as calculated from volume) are
far smaller than those found in other whales. For minke, right, sei, fin and
blue whales, lung weight is 0.65 to 0.85% (mean 0.76%) of body weight
(Lockyer 1981). In blue and fin whales, total lung capacity in liters is 2.5
to 2.8% of body weight in kg (Lockyer 1981). If we assume that total lung
capacity is proportional to lung weight, which is lower in bowheads than in
other baleen whales, then total lung capacity for bowhead whales would be
about 1.5% of body weight.

The small lung size of bowhead whales may also be reflected in small
heart size. Only a portion of one heart has been weighed. Seventy-five
percent of the heart of a 12.7 m whale was reported to weigh 80 kg (Jones and
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Table 43. Lung size of five bowhead whales, based on measurements by
Haldiman et al. (1981).

Measured
Measured Estimated Dimension Estimated Estimated
Length Weight of Weigh t Lung Weight

of of Collapsed of as a%
Whale Whalea

Lung Lungsc

(m)
of Total

( MT) (cm)b (kg) Weight

10.9 25.8 1 2 x 7 2 x 4 2 73 (L)d
0.28

10.8 25.2 1 3 X 7 7 X 5 0 100 (R) 0.40
10.0 20.7 1 3 X 7 7 X 4 1 82 (L) 0.40
8.7 14.5 1 2 x 7 2 x 3 6 62 (R) 0.43
8.7 14.5 1 1 x 8 7 x 4 2 80 (R) 0.55

Mean i s.d 0.41 * 0.10

a Estimated from equation in Table 39.
b Thickness x mean length x mean width.
c Estimated from calculated volume assuming tissue density of 1 kg/L.
d L = left, R = right--indicates which lung was used for the estimate.

Tarpley 1981). The entire weight would have been roughly 107 kg. A 12.7 m
whale would weigh about 38 MT. According to Lockyer (1981), heart weight of

we~~~hT’8k~ ap~~~~~m~~d ~y38 ‘~ ~~~~~onth~e~~r~~~h~x~ec~~~o~  ~~~~
a

about 189 kg. Thus , based on the meagre available evidence, bowhead heart
weight is about 57% of predicted weight, and the lungs are about 54% of the
weight of those of other whales of comparable size.

In whales, the volume of inspired air or ‘vital capacity’ is about 80%
of the total lung capacity; about 10% of the inspired air is utilized as
oxygen (Lockyer 1981).

Estimation of Energetic Requirements Through Respiration.--Energetic
requirements of bowhead whales were calculated as follows: The blow rates for
migrating and feeding animals are available for non-calves in general, not by
whale size, so the computations were made for an average non-calf whale.
Mean size of an average non-calf bowhead whale is about 12.4 m (Table 40),
calculated from data provided by Davis et al. (1983). The previously
discussed estimates of lung weight, lung capacity, tidal volume and oxygen
utilization were used to estimate the amount of oxygen consumed per blow.

The blow rates during various activities were then used to compute daily
oxygen consumption, which was then converted to energy utilization in Kcal

(1 L of OZ consumed corresponds to 4.75 Kcal, Sumich 1983). In the
southeastern Beaufort Sea in summer, mean blow rate for all non-calves (all
activities combined) was 0.77 blows/rein (Table 42). Energy expended for an
average bowhead respiring at this rate is 2.3 x 105 Kcal/d (Table 44).
Feeding is the primary concern of the whales in the southeastern Beaufort
Sea, so this estimate is heavily weighted to feeding activities (Wursig et
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Table 44. Estimated energetic requirements of an average (12.4
m) bowhead whale engaged in socializing, feeding and
migration, as computed from estimated oxygen
consumption.

Length (m) 12.4
Weight (kg) 36,000

Lung volume (1.5% of weight), L 540
Vital capacity (80% of total), L 432
Oxygen utilization {10% of vital capacity), L/blow 43

Southeastern Beaufort Sea Blows/rein Kcal/d

Summer, all non-calves, 0.77 2.3 X 105
all activities

Socializing whales 1.01 3.0 x 105

Skim feeding 0.92 2.7 X 105

Alaskan Beaufort Sea

All activities, all areasa

U1 activities

Column feeding

Migrating

0.67

0.72

0.55

0.73

2.0 x 105

2.1 x 105

1.6 X 105

Eastern Arctic

Migrating at 5 km/h 0.61 1.8 X 105

a Weighted average (Ljungblad et al. 1984b and this study).
b This study.
c Traveling whales only (Ljungblad  et al. 1984b).

al. 1985a,b). It would appear that feeding is a more strenuous activity than
is migration (Tables 42, 44).

Other Theoretical Estimates

Basal Metabolism.--The basal metabolic rate is the metabolic rate
measured in a metabolically indifferent temperature at rest or without
abnormal activity (Kleiber 1961). It can be calculated from KleiberVs
formula:

BMR = 70.5 wo07325



Energetic of Bowheads 231t

I
I
I
I
1
I
t
I
I
I
1
I
I
t
I
[
I
I

W is the weight in kg and BMR is the basal metabolic rate in Kcal/d. This
formula was derived from measurements of the metabolism of resting
terrestrial mammals, but it is also applicable to marine mammals (Lavigne et
al. 1986). Based on this formula, basal metabolic rates for bowhead whales
of various sizes are shown below:

Neonates Subadults Adults Average non-calf

Length (m) 6.4 10.8 14.5 12.4
Weight (MT) 6.6 25 53 36
BMR, Kcal/d x 105

0.44 1.17 2.04 1.53

For an average bowhead of length 12.4 m, basal metabolism would be 1.5 x 105

Kcal/d. This is about 71%-83% of the estimated energetic requirement of an
actively migrating whale, which is 1.8-2.1 x 105 Kcal/d as calculated by the
respiration method from the data of Ljungblad et al. (1984b) and Koski and
Davis (1980; Table 44).

Standard Metabolism. --This rate includes basal rate plus the cost of
maintaining buoyancy and warming the air and food (Brodie 1975, 1981). Using
Brodie’s (1981) method, for an average bowhead of length 12.4 m and with a
metabolically active surface area of 37 m2 (Table 41), heat production at the
muscle surface would be about 0.37 x 105 Kcal/d. Cost of warming air would
be 0.06 x 105 Kcal/d and cost of warming food about 0.28 x 105 Kcal/d (see
Brodie 1981). According to Brodie’s method, standard metabolism (including
basal metabolism) would be about ().7 x 105 Kcal/d, or only about half the
estimate of basal metabolism computed above from Kleiber’s equation.
However, Brodie (1981) suggests doubling the estimate of standard metabolic
rate to estimate typical daily energetic cost of all activities. The
resulting 1.4 x 105 figure for active metabolism would still be less than
basal metabolism as estimated from Kleiber’s equation.

Power Output. --In Antarctic rorquals engaged in feeding and other
activities at speeds of 5.5 km/h, Lockyer (1981) estimates that power output
is about 0.0001 hp/lb (1.64 x 106 ergs/s/kg). This power output is
equivalent to 3.39 Kcal/d/kg of muscle. Only one-half the muscle is used at
any one time (Lockyer 1981). Our average 12.4 m whale contains 16,000 kg of
muscle, viscera and bones posterior to the blowhole (Table 41). If we allow
4.7 MT for organs and 2.3 MT for bones (see Size of Bowhead Whales section),
then the musculature operative at any one time is about half of 9000 kg,
i.e. 4500 kg. During this level of activity about 0.15 x 10s Kcal/d would be
required in excess of basal metabolism (4s00 kg x 3.39 Kcal/d/kg).

Hydrodynamic Cost of Motion. --The cost of motion through the water can
be computed through hydrodynamic considerations. The cost of transport is

P = o.5.p.ct.sw.v3

where P = power requirements in dyne.cm/s, D = density of water in g/cm3, Sw
. surface area (cm2), V = swimming speed (cm/s) and Ct = coefficient of drag
(Sumich 1983).
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computed a ’coefficient of drag of 0.06 for a 15 MT gray
about 7 km/h. The estimate was based on breathing rates
He extrapolated lung volume of a young gray whale to the

adult, assuming that tidal volume in L = 3.5% body weight in kg. However, in
the gray whale, lung capacity as a percentage of body weight appears to
decrease with increasing size. In the gray whale foetus, total lung weight
is 2.5% of total body weight (Blokhin 1984). Lung weight in a 31,460 kg (not
including blood) female was 333 kg (Yablokov and Bogoslovskaya  1984). Adding
6% to the body weight for blood loss (Lockyer  1981), the lung weight of this
adult was 0.99% of body weight. Most other species of whales also have a
lung weight about 1% of body weight , and a total lung capacity (in L) of 2.5
to 2.8% of body weight in kg (Lockyer 1981). Vital capacity is about 80% of
total lung capacity. Based on the higher figure for total lung capacity
(2.8%) and a tidal volume of 80%, tidal volume in L = 2.2% of body weight in
kg. Based on this 2.2% figure and the cost of transport equation given
above, cost of transport for a gray whale would be 0.068 Kcal/kg/km and the
drag coefficient would be 0.04.

The above calculations of cost of transport and drag coefficient for a
gray whale are based on an energy utilization figure that includes basal
metabolism. Excluding basal metabolism, the coefficient of drag for a gray
whale is 0.02 and cost of transport is 0.036 Kcal/kg/km. This drag
coefficient will be used to approximate the drag coefficient of a bowhead.
It takes into account only the power, over and above basal metabolism,
required to move the animal through the water.

For our average bowhead whale moving at 5 km/h (139 cm/s) and with total
surface area, including the flukes, of 7.4 x 105 cm 2 (Table 41), cost of
transport would be 2 x 101O dyne.cm/s, or about 0.4 x 105 Kcal/d. Basal
metabolism for this animal was computed to be 1.5 x 105 Kcal/d, so total
energy requirements at this speed would be 1.9 x 105 Kcal/d.

Comparison of Estimates for Bowheads and Other Whales

Several different methods have been used to compute the energetic
requirements of an average 12.4 m bowhead whale. With the exception of the
standard metabolism estimate (based on the method of Brodie 1975, 1981), the
estimates are similar to one another:

x 105 Kcal/d

Breathing rates - migration (5 km/h) 1.8-2.1
- summer average 2.3

Basal Metabolism 1.5

Power output (5 km/h) 0.15 + BMR= 1.65

Hydrodynamic (5 km/h) 0.4 + BMR= 1.9

Standard metabolism 0.7
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The energetic requirements of traveling, as computed from power output
and hydrodynamic considerations, are close to one another and at the low end
of the range of values computed from breathing rates. Active metabolism
while traveling is estimated to be about 10 to 40% in excess of basal
metabolism, depending on the method used to estimate active metabolism (power
output, hydrodynamic, respiration). Based on the respiration method, the
summer average value of 2.3 x 105 Kcal/d for all activities in the
southeastern Beaufort Sea is similar to the 2.1 x 105 Kcal/d estimated for
all activities in the present study area (Table 44). These estimates
represent an energy expenditure 40% to 53% in excess of estimated basal
metabolism.

The standard metabolism estimate is meant to include basal metabolism
(Brodie 1981) but it is less than half the basal metabolic rate estimated
from Kleiber’s equation. Using empirical evidence, Lavigne et al. (1986)
found that basal energetic requirements of marine mammals are well described
by Kleiber’s equation. The metabolic requirements of whales estimated by
several different methods, including measured feeding rates in nature and
captivity, are not consistent with the low metabolic rate predicted from
Brodie’s standard metabolism method (Hinga 1979; Lockyer 1981; Thomson and
Martin 1984; Lavigne et al. 1986). The estimate derived from standard
metabolism is not considered further in this report.

Active bowheads may have lower energy requirements than expected for
whales of their sizes (Table 45). The active rate may be only about 40 to
50% above the basal rate. The active metabolic rates for gray whales (food
removal method), blue whales, and fin whales have been estimated to be two to
three times the basal metabolic rate (Table 45). Marine mammals in general
have average active metabolic rates that are about double the basal rates
(Lavigne et al= 1986). However, Hinga (1979), like us, found evidence that
large whales have average annual metabolic rates that are only about 1.5
times the basal rate. Recent results from Brodie and Paasche (1985) are also
consistent with the idea that active metabolic rates of large whales are
low. Brodie and Paasche found that the body core temperatures of large
whales were lower than those of other mammals, and there was a gradient of
decreasing temperature from the core to the muscle/blubber interface. They
also found that body temperature did not rise after exertion (pursuit), and
they speculate that whales are very hydrodynamically and biomechanically
efficient. Thus , available data for large whales indicate that active
metabolism is about 1.5 to 3 times basal metabolism, with recent work
supporting the lower ratio.

The apparently low energetic requirement of bowheads relative to some
other whales (Table 45) is consistent with the smaller size of the lungs and
heart of the bowhead, along with differences in life history and anatomy.
Many of the whales that have higher metabolic rates spend their summers in
cold high latitude waters, although not necessarily as cold as those occupied
by bowheads in summer. However, the other species winter at decidedly lower
latitudes than do bowheads. The other species may be imperfectly insulated
for either extreme. Their thinner blubber may be necessary to avoid
overheating in winter, but may lead to higher rates of heat loss in summer
than are experienced by bowheads. Considerable energy may be needed for the
long migrations of these other species, and to counteract heat loss in the
cold waters where they summer. Thu S , it is reasonable that these other
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Table 45. Estimsted netakolic rates of large whales.

W3ight I&abolic  rate
Species ad activity (m2tlxxl) (k) kkal/kg/d F.aference

Eowkd - w IIEtakolisma
- migratirg 5 km/h (various)
- average surer (respiration)
- sverage (staniard metabolism x 2)

Gray whale - bssal uetabolisn#
- average (focal remval)
- migrating (7 km/h)

Blue whale - basal ~tabolisuF
- mainte~ce  (respiration)
- yearly awragec

Fin whale - basal mtabolisma
- maintenance (respiration)
- yearly averagec

sperm whale - basal maxkolisma
- avsrsge (various)

36 ,C#O
26 ,OCKl
36,CCQ
45,m

23,0C0
23 ,(XXI
23,000

72,003
70,7%
72,0(XI

43,500
43,410
43,5(XJ

43,600
43,600

4.3
5.0 to 5.8

6.4
4.2

4.8
10.9
13.ob

3.5
8.4
10.2

4.0
8.9
10.8

4.0
20.0

This study
‘MS study
This smldy
Brcdie ( 1981)

Tlxmson  and Martin (1984)
Sullich (1983)

Imkyer (1981)

Lxkyer ( 1981)

Lodger  (1981)

a mm ~~r’s fo-=
b ~i~ ~ ~co~ for ~~r lW S* ~ ~r -n and ~ztin ( 1984).
c ~t inchhg zr~h.

species may have higher metabolic rates and higher rates of food intake than
do bowheads.

Body morphology, insulation and metabolism of bowhead whales ~ on the
other hand, appear to be optimal for conditions in high latitudes. In fact,
the bowhead whale could be thought of as a small whale in a parka. The
thick blubber is a suitable adaptation in all seasons ~ since the bowhead
never leaves cold waters. Aside from the obvious value of its blubber as
insulation, the bowhead’s adaptations to cold water may also have been
necessitated by the rather impoverished zooplankton populations of the
Beaufort Sea. By operating at metabolic levels near the basal metabolic
rate, it is able to sustain itself on the rather meager plankton resources
that are available (see ‘ Zooplankton and Hydroacoutics’ section).

Energy Requirements of Reproduction and Growth

Reproduction involves a large energy expenditure for females. Energetic
requirements for growth are especially great in young animals. These energy
requirements are additional to the basic requirements for maintenance,
discussed above.

Life History.--Energetic computations for individual bowhead whales and
for the population require some data on bowhead life history. Some of these
data are provided by Davis et al. (1983, 1986a,b) and Nerini et al. (1984).
Evidence for some aspects of life history is weak and circumstantial. The
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following “best estimates’” will be used in this preliminary energy analysis;
refinements will be possible by the end of the project.

Bowhead whales are 4 to 4.5 m long at birth. Mean date of parturition
may be in early May (Davis et al. 1983). We have no direct data on weight at
birth. Extrapolation of our length-weight equation (Table 39) to a 4.1 m
individual yields a weight of 2.1 MT. For comparison, fin whales are about
1.8 MT at birth, the smaller sei whales are about 0.75 MT, and blue whales
are about 2.6 MT (Lockyer 1981). We shall assume a weight of 2.1 MT for
newborn bowhead whales. In late summer, calves of the year are a mean of
6.45 m (range 4.1 to 7.6 m) in length. Nerini et al. (1984) believe that
young bowheads are suckled for one year. Behavioral observations in August
and September show that some calves (most not measured) may be separated from
their mothers for at least 1.2 h and then return to suckle (Wursig et al.
1985a; this study). It is not known whether any calves are partially weaned
at this time. Thu S , duration of lactation is as yet unknown. We shall
assume that young are suckled for one year (Nerini et al. 1984).

On the basis of length-frequency data for a small sample of harvested
animals, Nerini et al. (1984) believe that yearlings are 6.6 to 9.4 m long in
spring (mode 8.2 m) and about 10.2 m in autumn. They interpret a peak in the
spring length-frequency data at 10.6 m as representing two-year-old animals.
These estimates of growth rates in the first two years are generally
consistent with length-frequency data acquired in photogrammetric  studies,
although there are still uncertainties about the range of lengths for each
age class (Davis et al. 1986b).

Based on sizes of females with calves, Davis et al. (1986a,b) assume
that female bowheads become sexually mature at a length of 13 m. Our few
data on sizes of mothers are consistent with this (Fig. 65). We shall assume
that all animals >13 m are sexually mature and that all animals <13 m are
immature. A gesta~ion period of one year, and a sex ratio of unity will be
assumed (Davis et al. 1983; Nerini et al. 1984).

Lactation.--Several assumptions, based on meager information, must be
made in order to calculate energetic requirements of growth and lactation
during the early years.

Mean date of birth for bowheads may be in early May at a length of about
4 m. At the end of August, 154 d later, mean length is 6.45 m (Davis et al.
1983). This represents an average length increment of 1.6 cm/d during the
first summer after birth. By May, yearlings may be 8.2 m in length (Nerini
et al. 1984). Over the year (May to May) average growth would be 1.1 cm/d.

~T:5:t( ;::g:a;nw”:)v.  5%2 about

12.5 MT, based on the equation Weight (MT)
. (cf. Table 39). If the animal weighs 2100 kg

at birth and 6700 kg at a leng~ 6.45 m after 154 d, then initial weight gain
would be 29.9 kg/d. If the animal weighs 12.5 MT after one year, then weight
gain during the last 211 d of the first year would be 27 kg/d.

Assuming a weight gain of 29.9 kg/d over the first 154 d and 27 kg/d
over the last 211 d of the year, and active energetic requirements 45% over
the basal rate (see ‘Comparison of Estimates’), then annual requirements
(computed for each day at the current weight and summed over the year) would
be 250 x 105 Kcal. Weight gain over the year would be 10,4OO kg. Sei and
fin whale muscle has a caloric value of about 1500 to 2600 (mean 1900)
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Kcal/kg wet weight (Lockyer et al. 1985). Blubber is about 80% oil and wax
with a caloric content of 3700 to 7000 (mean 5300) Kcal/kg wet weight
(Lockyer et al. 1985). Based on the measurements of truncated cones, blubber
is about 48% of total weight in neonates (Table 41). Approximately 5000 kg
of this weight gain would be blubber. Thus , total energy required for growth
would be about 367 x 105 Kcal. W h e n  t h i s  i s  a d d e d  t o  t h e  a f o r e m e n t i o n e d  2 5 0
x 105 ICcal  m a i n t e n a n c e  r e q u i r e m e n t > the total energy requirement in the first
year is about 617 x 105 Kcal.

Assimilation efficiency for milk is about 90% and cetacean milk contains
about 4300 Kcal/kg wet weight (Lockyer 1981; Gaskin 1982). The female would
have to provide 686 x 105 Kcal or about 16,000 kg of milk during the year.

Pregnancy.--If we assume that, at birth, a bowhead calf weighs 2100 kg
and is 48% blubber (computed from the truncated cones, see above), then total
energy content of the near-term foetus is about 74 x 105 Kcal. Basal
metabolism for the foetus would be included in energetic requirements for
the female as determined by the respiration method, The additional energetic
requirements of pregnancy would be about 74 x 105 Kcal.

Growth. --Nerini et al. (1984) believe that bowheads are 10.6 m long at
an age of two years. An animal this size weighs about 24 MT. If this is the
size at age two , then the length increase over the second year of life
(May to May) would be 2.4 m and the weight increase 11,500 kg, or an average
of about 31.5 kg/d over the first year after weaning. Using our ‘truncated
cone’ measurements and an assumed blubber thickness of 25 cm, 42% of the gain
would be blubber. At puberty, fin whales weigh between 44,000 and 48,000 kg
and their annual growth increment is 3000 to 3500 kg (Lockyer 1981). Since
bowheads mature at a length of about 13 m, their weight at maturity would be
about 40,000 kg. For bowheads we will assume growth of 3000 kg/yr at
maturity. For an average subadult bowhead we will assume average annual
growth of 6000 kg/yr, 42% of which is blubber. Total energy required for
growth would be 200 x 105 Kcal/yr for an average subadult bowhead, not
including assimilation efficiency for conversion of food to bowhead tissue.
Since the age of bowheads at maturity is not known, these assumptions are
speculative. The assumed growth rates and annual energy requirements for
growth may be too high.

At maturity, fin whales are about the same weight as bowhead whales.
Young adult fin whales gain about 700 kg/yr (Lockyer 1981). If we assume the
same rate of growth for adult bowheads, then about 23 x 105 Kcal/yr are
required for growth after reaching maturity.

Annual Energy and Food Requirements of Individuals

Computation of total annual energetic requirements must consider timing
of migration, length of the stay on the summer” feeding grounds, and energetic
requirements during activities performed during each part of the annual
cycle. Energetic costs of reproduction and growth must also te included.
Annual food intake required to meet all energetic costs is a function of
energy requirements and the caloric content of the food. If the required
annual intake can be estimated, then the necessary rate of food intake can be
estimated by dividing the total annual food requirements by the amount of
time spent feeding.
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Timing and Movements .--Fraker (1979), Braham et al. (1980, 1984),
Ljungblad et al. (1984a), and Richardson et al. (1985a) have summarized the
seasonal distribution and migrations of Western Arctic bowhead whales.
Bowheads probably return to wintering grounds in the Bering Sea in November.
They pass through the NE Chukchi Sea from mid April to late May and arrive in
the eastern Beaufort Sea in May and June. Peak abundance at summering
grounds in nearshore waters of the southeastern Beaufort Sea occurs in late
Augus c . Most bowheads migrate west through the Alaskan Beaufort Sea from
early September to mid October; they are all gone by late October. In early
October some are found off the coast of Siberia. The length of the migration
is about 2500 km in each direction; the amount of time spent migrating by
individual whales is unknown, but may total 140 d/yr.

Caloric Content of the Bowhead Diet in Late Summer.--The stomach
contents of bowhead whales taken at Kaktovik showed that copepods and

euphausiids were the dominant food organisms (Table 46; Lowry and Frost
1984). Our data provide information on the caloric content of these
organisms in late summer. Assuming that Lowry and Frost’s data are
representative of the average bowhead diet in our study area, and that our
caloric data are also representative, the mean caloric content of the bowhead
diet in our study area in late summer is about 1239 cal/g wet weight. Mean

Table 46. Average composition of stomach contents of eight bowheads taken at
Kaktovik in autumn.

% of Contents % Water cal/g callg
by Volumes Contentb Dry Wt.b Wet Wt.b

Copepodsc 66.1 82 7368 1326
Euphausiids 31.2 79 5170 1086
Mysids 1.2 83 5125 871
Amphipods 0.5 81 6437 1223
Other invertebrates 0.5 86 4500 630
Fish 0.3 86 4700 658

Weighted Mean 99.8 81 1239

a From Lowry and Frost (1984).
b From our 1985, data (Tables 11 and 12).
c Large >3.5 mm.

caloric content of all our plankton samples was 1003 * s.d. 213
However,

calfg.
caloric content within concentrated bands of zooplankton over the

inner part of the continental shelf was 1171 cal/g wet weight (Table 14).
The bowheads harvested at Kaktovik had presumably been feeding in the latter
types of areas.

These data for caloric content per unit wet weight are less than half
the values used in previous analyses by Lowry and Frost (1984) and ourselves
(LGL and Arctic Sciences 1985). The values used previously were based on
Percy and Fife (1980), whose data were apparently biased by underestimating
wet weight (see ‘Zooplankton’ section).
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Euphausiids formed a larger proportion of the food in bowhead stomachs
(31% of volume, Lowry and Frost 1984) than of plankton biomass in September
1985 (2.6% of wet weight, this study). In the present study, euphausiids
were most abundant in water depths of 45 m or less. Maximum euphausiid
abundances were at station 1 (water depth 13 m) and station 11 (water depth
14 m), where euphausiids accounted for 13 and 17% of total zooplankton
biomass, respectively. Either the whales examined by Lowry and Frost were
feeding selectively on euphausiids, or euphausiids were more abundant in the
years and locations where bowheads were collected than in our study area
during 1985, or both.

Estimated Requirements of Individuals. --Table 47 shows the estimated
annual energetic requirements for neonates, subadults,  and adult males; for
non-reproductive, pregnant and lactating females; and for an average adult
female,

1.

2.

3*

4.

.5.

Some of the main assumptions and procedures were as follows:

The annual maintenance rate was calculated using the respiration
method. Respiration would include the metabolic costs of growing,

producing milk, and metabolism of the foetus. It would not include

the calorific value of the weight gained, the milk that was
produced, or the foetus  itself. These are shown as separate items.

The annual maintenance rate for a neonate was estimated by

calculating the basal metabolic rate for each day, given the weight
increases discussed above and adding 45% for active metabolism.

Energetic cost of pregnancy and lactation averaged over an assumed
3-yr reproductive cycle are shown for a mature female.

Migration to and from summer feeding grounds was assumed, in the
absence of direct data, to take 140 d. This would include some time
spent traveling within the summer and winter grounds. Energetic
requirements during migration were computed using average
respiration rates of migrating animals. It should be noted that
some whales feed during part of both migrations (Ljungblad et al.
1984a; Lowry and Frost 1984; Carroll and George 1985; this study).
Blow rate for traveling whales was 0.61 blows/rein in the eastern
arctic and 0.73 blows/rein in the western arctic (Table 42). For
whales engaged in all activities in the western arctic during fall,
the mean blow rate was 0.66 blows/rein according to Ljungblad et al.
(1984b) and 0.72 blows/rein in the present study (Table 42). The
weighted average from these two studies was 0.67 blows/rein for all
activities recorded during fall migration. This 0.67 figure is used
here as an estimate of breathing rate during migration.

Mean blow rate of all non-calves observed in the Canadian Beaufort
Sea (Wfirsig  et al. 1985b) was used to estimate energetic
requirements in summer.

In the absence of any behavioral observations in winter, the mean
blow rate for non-calves observed during migration (0.67 blows/rein,
calculated from data in Ljungblad et al. 1984b and this study) was
assumed to apply in winter as well. Migration appears to be a less
strenuous activity than summer feeding. Hence, data from the
migration period are used to approximate blow rates in winter, when
the whales are presumably less active than in summer.
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Table 47. Estimated annual energetic requirements, food requirements and feeding rates of Western Arctic
bowhead whales.

Non- Average
tiult Reproductive Pregnant Lsctating Adult

Neonate Subadult Male Female Female Female Fema lea

Length (m)
Weight (kg)

Lung volume  (L)b

vital capacity (L)b

oxygen utilization (L)b

Migration (blows /mIn)
(Kcal/d  x 105)

Total (140 d; Kcsl x

Summer (blows/rein)
(Kcal/d  X 1 05)

Total (100 d; Kcal x

Winter (blows lmin)
(Kcal/d x 105)

Total (125 d; Kcal x

Total annual maintenance

6.4 10.8
6600 25,000

375
300
30

0.67
1.37

~05) 192

0.77
1.58

~os) 158

0.67
1.37

105) 172

250C 522

14.5
53,000

795
636

63.6

0.67
2.91
408

0.77
3.35
335

0.67
2.91
364

1107

23

14.5
53,000

14.5
53,000

14.5
53,000

795
636

63.6

0.67
2.91
408

0.77
3.35
335

0.67
2.91
364

I 107

23
686

1816
0.87

2087
177,329

486

1689
1364
1075

14.5
53,000

795
636

63.6

0.67
2.91
408

0.77
3.35
335

0.67
2.91
364

1107

23
229
25

1384
0.84

1647
139,932

383

1333
1076
848

795
636

63.6

795
636

63.6

0.67
2,91
408

0.67
2.91
408

0.77
3.35
335

0.77
3.35
335

0.67
2.91

364

0.67
2.91

364

1107 1107
(Kcal/yr x 105)

Growth (Kcal/yr x 105) 367
Uccation (Kcal/yr  x 105)
Pregnancy (Kcal/yr  x 105)

23200 23

74

Total annual energetic requirements
(Kcal/yr X 1 05) 617

Assimilat  iond 0.90
722

0.?9
1130
0.79

1431
121,560

333

1158
935
737

1130
0.77

1204
0.87

Annual food requirements
(KcaL/yr x 105) 686
(kg/yr) 15,943e

Averge daily rate (kg/d)

914
770682f

213

1468
124,718

342

1384
117,609

322 H
n
mRste of food intake

Feeding 105 d (kg/d)
Feeding 130 d (kg/d)
Feeding 165 d (kg/d)

740
598
471

1188
959
756

1120
905
713

0
l-b

Cost of reproduction averaged over 3 yr.
Lung volume in L is 1.5% of body weight in kg. Vital capacity - 80% of total volume.
capacity.

Oxygen utilization - 10% of vital

Computed as basal metabolic rate x 1.45. Calculated for each day and summed over the year.
From Lockyer (1981)  for equivalent-sized fin whales.
Milk.
Mixed zooplankton svailable to bowheads in bands of concentrated zooplankton, 1239 cal/g wet weight August and
September; 10% lower in June and July.
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6. Assimilation efficiencies for a fin whale of equal weight (Lockyer
1981) were used to estimate the energy intake required to meet
energetic requirements. These assimilation efficiencies are similar
to those of carnivores (75%; Lockyer 1981) but much higher than for
herbivores (53% for a cow; IUeiber 1961). Assimilation efficiency
is assumed to be higher for pregnant or lactating females (87%) than
for other bowheads (77-79%; cf. Lockyer 1981). This is clearly an
oversimplification; it leads ~ a lower predicted energy requirement
for a pregnant than for a nonreproductive female--an unrealistic
result (Table 47). The total metabolizable energy cost of
gestation, as extrapolated from cattle to seals, is equivalent to
about twice the basal metabolic rate of the foetus as predicted from
Kleiber’s equation (Lavigne et al. 1982). Assuming a 365 day
gestation period and a birth weight of 2100 kg for a bowhead, total
metabolizable  cost of pregnancy would be about 81 x 105 Kcal, or
about 7% of the total annual maintenance expenditure of an adult
female. An estimate of energetic requirements derived from the
respiration method includes all metabolizable  costs, including costs
associated with gestation. Not included would be the calorific
value of the foetus itself (74 x 105 Kcal) and this is show as a
separate item in Table 47.

7. The biomass of food required to meet these requirements was
estimated based on an estimate of average caloric content of
zooplankton over the June to September period. In September, we
measured the caloric content of zooplankton within the concentrated
bands that we detected by echosounder and net sampling over the
inner continental shelf. Caloric content recorded in the Canadian
Beaufort Sea in August 1985 was similar to that in the Alaskan
Beaufort in September (Table 15). We used our September figure of
1239 cal/g wet weight (Table 46) for both August and September.
Caloric content of zooplankton is lower earlier in the summer. For
example, caloric content of copepods in Frobisher Bay was 11% lower
in July than in September (Percy and Fife 1980). In the Bering Sea,
caloric content of euphausiids was 6 to 19% lower in spring than in
fall (Harris 1985). For the months of June and July, we assume that
caloric content is 10% lower than our September estimate of 1239
cal/g wet weight. Thus, an overall average caloric content of 1177
cal/g wet weight is assumed for food consumed in the June to
September period.

The greatest uncertainty is the unknown amount of feeding that occurs in
winter and along the migration route. Three estimates of feeding rates have
been computed in Table 47, assuming that feeding occurs over (a) 105 d, (b)
130 d, and (c) 165 d. The 130 d figure is the one used by Lowry and Frost
(1984).

If feeding occurs for 130 d, the above assumptions result in an
estimated daily food intake of about 600 kg/d for an average subadult whale,
about 940 kg/d for an adult male, and about 108O kg/d for an average adult
female. A lactating female would have the highest food requirement, about
1360 kg/d. The estimates would be higher if feeding occurs on <130 d/yr, and
lower if feeding occurs on >130 d/yr (Table 47). These estimates exceed
those that we calculated earlier (LGL and Arctic Sciences 1985), primarily
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because we now have direct measurements of the caloric content of prey per
unit wet weight, and the values are lower than those estimated previously.

These estimates of food consumption are considerably higher than those
of both Lowry and Frost (1984) and LGL and Arctic Sciences (1985). Both of
those analyses used Percy and Fife’s (1980) data from Frobisher Bay to
estimate caloric content of bowhead food. However, the dry weight to wet
weight ratio found by Percy and Fife (1980) for crustaceans is not applicable
to this study (see discussion of caloric content in the ‘Zooplankton’ section
of this report). Use of the Frobisher Bay results led to an overestimation
of callg wet weight, by a factor of about 2, in the earlier analyses.
Consequently, food requirements were underestimated by a factor of about 2.
Thus , Lowry and Frost’s estimated annual intake by a 13.72 m and 45 MT whale
should be raised from 23,810 kg of copepods to about 40,000 kg based on this
factor alone. (Note: The 13.72 m/45 MT combination was identified by Brodie
[1981] and also used by Lowry and Frost [1984]. By our length-weight
equation (Table 39) a 13.72 m whale would be 46 MT.)

Lowry and Frost (1984) based their analysis on Brodie’s (1981) estimate
of energetic requirements. Brodie (1981) did not include an allowance for
<100% assimilation efficiency in his estimate (about 80%; Lockyer 1981).
This would raise the annual food requirement by a further x1.25 factor above
that estimated by Lowry and Frost, i.e. to 50,000 kg/yr for a 45 MT whale.

Furthermore , Lowry and Frost’s (1984) calculations are based on Brodie’s
(1981) assumption that the lipid acquired from copepod prey will all be
stored, and that only the protein in these prey will be used for maintenance
while feeding. However, 40,000 kg/yr of assimilated zooplankton will only
contain 2812 kg of protein (dry wt = 19% of wet weight, Table 46; protein =
37% of dry wei ht, Percy and Fife 1980).

F
This 2812 kg of protein would yield

only 1.1 x 10 Kcal/d, assuming a 130 d feeding season. This represents a
little over one-half the theoretical daily requirements (1.9 x 105 Kcal/d for
a 45 MT whale) as determined by Brodie’s (1981) standard metabolism method
(standard metabolism x 2). As previously mentioned, that method yields the
lowest estimate of theoretical energetic requirements--lower by 25 to 50%
than the estimate derived by the respiration method. Thus , by consuming
50,000 kg/yr, a 45 MT whale could store enough energy for winter, but could
meet only half its daily maintenance requirements while feeding. Using the
assumptions of standard metabolism and an assimilation efficiency of 80%, a
further 12,000 kg of zooplankton would be required to meet the requirements
while feeding.

This total of 62,000 kg/yr is still lower than our estimate of the
annual food requirements 104,000 kg/yr for a whale of the same size. The
remaining difference (i.e. 104,000 vs. 62,000) results from the fact that we
estimated daily metabolism by the respiration method rather than the standard
metabolism method.

The current ‘best estimate+ of the number of bowheads in the Western
Arctic population is 4417 with 95% confidence limits 2613-6221 (1.W.C. in
press) . For illustrative purposes we have assumed, based on data in Davis et
al. (1983), that 10.6% of the population would be neonates, 52.3% subadults,
18.6% adult males, and 18.6% adult females. This analysis excludes neonates,
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whose energy is acquired from lactating females. Davis et al. (1983) noted
that their data on whale sizes were probably biased in favor of subadult age
classes. If SO, the estimated energetic requirements of the entire

~ population as shown in Table 48 would probably be- underestimates.
photogrammetric  data from 1983-85 (Cubbage et al. 1984; Wiirsig  et a.
Davis et al. 1986a,b) show higher percentages of subadults than were
1982 by Davis et al. (1983). Thus , we have used the 1982 results
most representative of relative abundance of different size classes.

However,
1985b;

~ound in
as being

Table 48. Estimated energetic requirements of the Western Arctic population
of bowhead whales.

Adult Adult
Subadults males females Tot al

% of populationa

Number of animals

Annual food requirementsb

Kcal x 108/animal/Yr
Kg x 105/animal/yr
Kg/de

Population requirements
Kcal x 108/yr
Kg x 105/yr
Kg X 105/dc

52.3

2310

0.91
0.78
598

2112
1795

13.80

18.6

822

1.43
1.22
935

1176
999

7.68

18.6 89.5

822 3954d

1.65
1.40
1076

1353 4641d

1150 3943
8.84 30.33

a From Davis et al. (1983) and an assumed sex ratio of 1:1.
b From Table 47.
c Assuming feeding for 130 d.
d Does not include neonates, whose energy comes from lactating females.

The population would consume approximately 3.9 x 105 metric tons of
zooplankton per year (Table 48). This estimate exceeds our earlier estimate
(LGL and Arctic Sciences 1985) because of the lower caloric content per unit
wet weight measured in this study. In the ‘Integration’ section of this
report, later, we compare this population requirement with the available
amount of concentrated zooplankton in the Beaufort Sea.

Feeding Rates in Nature

Feeding rates in nature can be estimated from data on swimming speeds,
distance traveled per dive, hours of feeding per day, cross-sectional area of
mouth, and zooplankton biomass. We have estimated swimming speeds and
approximate distances traveled per dive for bowheads that were believed to be
feeding (Wursig et al. 1982; Finley et al. 1986; ‘Bowheads’ section of this
report). Cross-sectional area of the mouth opening was computed earlier
(Table 41). We assume a 130 d feeding season (Lowry and Frost 1984), a
swimming speed of 5 km/h, and a 100% filtration efficiency. For illustrative
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purposes, time spent feeding is assumed to be either 12 or 20 hours/day.
annual food requirements calculated in Table 47 are assumed. From
various assumptions , it is possible to calculate the average biomass

243

The
the
of

zooplankton that would have to be found in bowhead feeding loca~ions  in order
to meet theoretical ener y requirements.

5
Biomasses calculated in this way

range from 1.5 to 2.9 g/m on a wet weight basis:

Time Zooplankton Biomass Required (g/m3)
Spent
Feeding Subadult Adult Male Adult Female
(h/d) 3.4a 6*la 6.1a

12 2.9 2.6 2.9

20 1.8 1.5 1.8

a Average cross-sectional area of mouth, in m2 (Table 41).

Hydroacoustic surveys (calibrated by net sampling) showed that che
maximum biomasses at any depth in the water column averaged highest in the
nearshore zone (Table 20). The mean of the maximum biomasses found at any
depth in this zone was 1.7 g/m3. Assuming that bowhe ds feed in areas of

3maximum zooplankton concentration, about 1.7 glm wet weight was
available to bowheads in the nearshore zone (Table 20). Small copepods may
not be extracted from the water by bowhead baleen, but these copepods
accounted for only 9% of zooplankton biomass (Table 13). However, as noted
in the ‘Zooplankton and Hydroacoustics’ section, we suspect that most of
these small copepods are retained by the baleen (see also Bradstreet, LGL
Ltd. , in prep.). Off the Yukon coast in the Canadian Beaufort Sea,
Bradstreet (in prep.) recorded a maximum biomass of 2.3 g/m3 in the
horizontal net tow taken in the immediate vicinity of a feeding whale. Thus ,
there appears to be some agreement between theoretical energetic requirements
and actual food available to bowhead whales at locations in the Beaufort Sea
where food is concentrated.

Our estimates of speed while feeding (from Wtirsig et al. 1982; Ljungblad
et al. 1984b; Finley et al. 1986) and filtration efficiency may be high, so
our estimates of potential food intake may also be high. On the other hand,
we may be underestimating zooplankton biomass at the exact locations where
bowheads feed. A more refined estimate of average hours of feeding per day
will require a more detailed examination of available behavioral data than
has yet been done, along with radio-telemetry or other data on feeding at
night.

There are still many uncertainties in our estimates of the energetic
requirements of bowhead whales:

1. Improvements in the theoretical estimates will require better
information about various aspects of bowhead physiology, population
composition, and behavior. LGL and Arctic Sciences (1985) summarized
the main data gaps and uncertainties. One major improvement in this
report, relative to previous estimates, is the incorporation of our
measurements of the caloric content$ per unit wet weight, of the
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food available within the study area. It is possible that our
estimates of food requirements are too high. However, our estimates
are lower than those for other whales of similar size (Table 45).
Feeding rates of blue, fin and gray whales in nature are generally
consistent with the theoretical estimates for these species (Lockyer
1981; Thomson and Martin 1984).

2. It is known that some bowheads feed at least sparingly during spring
and autumn migration west of our study area (Johnson et al. 1966;
Lowry et al. 1978; Lowry and Burns 1980; Braham et al. 1984; Hazard
and Lowry 1984; Lowry and Frost 1984; Ray et al. 1984; Ljungblad et
al. 1985b, in press). Some feeding may occur in the Bering Sea
during winter, but zooplankton  biomass and caloric content in winter
are low. In the absence of direct observations of bowhead behavior
in winter, an analysis of carbon isotope composition of bowhead
tissue in spring and fall may be one method for estimating the
amount of energy acquired during winter and during migration (see
Appendix 2).

3. A reliable estimate of the cross-sectional area of the mouth opening
while feeding is absolutely critical to an estimate of feeding rates
in nature. Brodie (1981) estimated mouth opening of an adult
bowhead to be 1 m2. Lowry and Frost (1984) assumed that it was 3.6
m2 for a 13.7 m whale. Griffiths and Buchanan (1982) considered
various values, but worked mainl

{
with an average figure of 5 m2.

The estimate used here is 6.1 m for an average adult. With our
value, the prey density necessary to sustain bowheads is 6.1 times
lower than that required by Brodie’s value.

There is general agreement between observed prey densities and the
energetic requirements of gray whales (Thomson and Martin 1964), Antarctic
rorquals (Lockyer 1981), Northern right whales (Mayo et al. 1985), and
bowhead whales (this report). Recent findings that theoretical estimates of
food requirements are similar to food availability in nature are related to
two developments:

1. Energetic requirements of marine mammals are lower than had been
believed previously, and are similar to those of terrestrial animals
of corresponding size (Lavigne et al. 1986).

2. Techniques for estimating food availability, especially in the case
of zooplankton, are becoming more sophisticated. This has resulted
in increased estimates of potential food availability.

Since reproductive success, growth rates and age of maturity  may &

closely linked to food availability (Lockyer 1978), energetic and feeding
studies such as these may provide valuable background data for the study of
cetacean population dynamics.

The main conclusion of this section is that zooplankton abundance in the
Beaufort Sea is high enough at some locations to provide the amount of energy
needed by individual bowheads on a daily basis. In itself, this does not
establish that there is a sufficient amount of concentrated prey within the
known summer range to support the annual energy requirements of the entire
bowhead population. This question is addressed in the following
‘ Integration’ section.
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This section is a preliminary discussion of the importance of the
Eastern Alaskan Beaufort Sea to feeding bowhead whales. It draws together
many of the major points discussed in the earlier ‘disciplinary’ sections. We
emphasize that this section is preliminary. It was written at the mid-point
of a study that was, from the outset, planned as a two-year investigation.
Also, several other studies of bowheads, their food organisms, and physical
oceanography are being conducted simultaneously with the present study. A
more comprehend ive integration section will be possible when results are
available from our second year of work in 1986, and from the other
simultaneous studies.

Distributions of Bowheads, Zooplankton and Oceanographic Features

The 1985 field program and the associated remote sensing work provided
considerable information about the distribution of zooplankton in relation to
physical oceanography. These results are useful in interpreting data on
bowhead distribution within the study area even though feeding bowheads did
not occur there in 1985 until after the oceanographic program was curtailed
by ice.

Distribution of Zooplankton vs. Physical Oceanography

This study provided the first comprehensive set of data on zooplankton
biomass within the Alaskan Beaufort Sea. Average zooplankton biomass was
highest in the nearshore and inner continental shelf areas, south of the 50 m
contour, and lower on the outer continental shelf north of the 50 m contour
(e.g. Table 17). Biomass in deep waters north of the shelf break was not
measured in this study. However, our data from the inner and outer shelf
areas showed that biomass was much higher there than previously reported for
the top 200 m of the Arctic Ocean north of the Beaufort Sea (cf. Hopkins—
1969).

This gradual decrease in average zooplankton biomass from south to
north within the Beaufort Sea is to be expected. Average ice cover during the
summer months increases from south to north (Fig. 2-5), reducing the amount
of solar radiation reaching the water column. Also, upwelling of cold,
nutrient-rich water occurs in the nearshore and inner shelf areas under
east-wind conditions (see ‘Water Massest section and Appendix 2). Input of
nutrients from terrestrial runoff may also contribute to the elevated
productivity of the nearshore area. Each of these factors would be expected
to contribute to increased productivity and concentration of zooplankton in
the nearshore and inner shelf zones.

Except in nearshore areas, zooplankton biomass above the pycnocline
(i.e. top 5-10 m) was very low. Biomass above the pycnocline was especially
low in the outer shelf area (Table 17). The low biomass in near-surface
waters was associated with elevated temperatures and reduced salinities there
as compared with values deeper in the water column. Previous results from the
Mackenzie Delta area have also shown a reduction in zooplankton biomass in
near-surface waters , although biomass at the surface itself (top 1 m) is

* By W.J. Richardson, D.H. Thomson and W.B. Griffiths, LGL Ltd.
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sometimes high where estuarine influences are absent (Table 17, from M. S.W.
Bradstreet, LGL Ltd. , in prep.).

Changes in prevailing winds have pronounced effects on water masses
within the study area. Prolonged easterly winds advect water from the
Mackenzie Bay region into the outer shelf and continental slope portions of
our study area. This water is relatively warm and turbid (e.g. Fig. 13-18).
As already mentioned, easterly winds also cause upwelling of cold,
nutrient-rich water near the shore. In contrast, during prolonged westerly
winds, water from the Mackenzie Bay area is not evident within the study area
(e.g. Fig. 19, 20), and coastal upwelling is expected to abate.

Most of our zooplankton sampling was done during a period of generally
easterly winds when water from Mackenzie Bay was present on the outer shelf
and continental slope portions of our study area. This was evident from
thermal and sediment patterns on satellite imagery, from similar types of
airborne remote sensing data, and from boat-based measurements of surface
temperature and salinity. Surface temperatures and turbidities both increased
with increasing distance offshore; surface salinities decreased. This may
have been partly responsible for the decreasing abundance of zooplankton in
surface waters with increasing distance from shore.

The highest biomasses of zooplankton were generally found just below the
pycnocline, where water temperature was lower and salinity was higher than at
the surface. The majority of zooplankters were in the 10-40 m portion of the
water column. On the outer continental shelf, biomass was lower at depths
below than above about 40 m.

The extent of influence of Mackenzie River water on zooplankton below
the pycnocline is not certain. Biomass below the pycnocline diminished with
increasing distance from shore, i.e. with increasing influence of Mackenzie
water on the surface layer. This decrease in biomass may have resulted not
from the Mackenzie influence, but from the increasing average ice cover, and
decreasing proximity to the zone of coastal upwelling and nutrient input.
Nonetheless, there is some evidence of a positive correlation between
near-surface salinity and zooplankton biomass below the pycnocline in the
Mackenzie Delta region (Thomson et al. 1986) as well as in our study area
(this study). In the Canadian Beaufort Sea in 1985, zooplankton biomass at
the surface and within ‘layers’ of zooplankton below the surface was an order
of magnitude lower in waters under the influence of the Mackenzie plume than
in wholly arctic water (Table 17, from Bradstreet in prep.). It is possible
that water freshened, warmed and rendered more turbid in Mackenzie Bay
influences zooplankton below as well as above the pycnocline  within our study
area.

Zooplankton distribution was patchy. Patches were more abundant in
nearshore and inner continental shelf water masses (i.e. in areas <40 m deep)
than in outer shelf waters. Zooplankton patches were generally very extensive
in the horizontal plane (i.e. 100s to 1000s of meters in length) but usually
only 5-10 m thick. Not surprisingly, we found little correlation between
variations in zooplankton abundance below the pycnocline and variations in

the physical properties of the surface layer.
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‘Fronts’ between water masses were evident from airborne remote sensing
data and from surface temperature and salinity data acquired along boat
transects. Chlorophyll a values decreased at a front between the nearshore
and inner shelf water ma—sses. Farther offshore, chlorophyll a values were low
everywhere,

—
and did not change appreciably at thermal and salinity fronts.

There was little evidence of higher zooplankton biomass near oceanographic
fronts identified along the transects (Table 19). Zooplankton biomass at the
depth of maximum biomass did average 50% higher near fronts than in other
areas, but the difference was only marginally significant (0.05>p>0.01).

Average zooplankton biomass within our study area was at the lower end
of the range reported for the outer Mackenzie Delta during August of 1980-81
(cf. Griffiths and Buchanan 1982), and similar to average biomass in the
C~adian Beaufort Sea in late August 1985 (Table 17; Bradstreet, in prep.).
The major difference was that zooplankton appeared to be more concentrated in
the Canadian Beaufort Sea, and hence availability to bowhead whales was
higher there than in our study area.

Distribution of Bowheads vs. Zooplankton and Physical Oceanography

Bowhead whales were absent from the study area (or too scarce to be
detected) during early September 1985 when most of our zooplankton sampling
was done. During that period, the prevailing winds were from the east, the
continental shelf and slope were ice free, and the outer shelf and slope were
strongly influenced by Mackenzie Bay water. When feeding bowheads moved into
the official study area in late September 1985, hydrographic conditions were
very different as a result of the strong west winds in mid September. Also,
most of the study area was covered by >90% pan ice or new ice in late
September.

—

Because it was not possible to conduct boat-based sampling around
feeding bowheads in our study area during 1985, we obtained no direct
measurements of zooplankton and water properties amidst concentrations of
feeding whales. However, remote sensing data, observations of the feeding
behavior of whales, and analogies to related situations allow us to evaluate
two concentrations of feeding whales that we encountered in 1985.

Feeding near Komakuk in 1985. --From late August to mid September
1985, the westernmost known concentration of feeding bowheads was iust
east of our official study area, in shallow ice-free water along the Yukon
coast near Komakuk (140”W; Fig. 54, 56). These whales often fed at and near
the surface, sometimes in echelon formation (Table 32). Feeding bowheads
concentrated at the same place at the corresponding time in 1984, but they
had not been there in 1983 (Richardson et al. 1984, 1985a; Ljungblad et al.
1985a, in press). In 1985, bowheads remained near Komakuk until late
September (Table 21), when they were surfacing through thin slush ice.

No boat-based zooplankton or physical oceanography work was done near
Komakuk in 1983-85. However, satellite imagery showed that the water along
the coast near Komakuk was relatively cold and clear on 28 August and 13
September 1985 (Fig. 13, 16). Temperature and turbidity increased farther
offshore. The Komakuk area appeared to be the eastern end of the nearshore
zone of cold water that extended across our study area (Fig. 13). Salinity
and nutrient profiles from our Transect 2, near 142°30’W, provided evidence
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that the cold nears here band was partly a result of upwelling (see lWater

Masses’ section and Appendix 2).

We have no information concerning the zooplankton available in the

nearshore water mass off Komakuk. Hydroacoustic data and net sampling in
nearshore waters farther west, off Kaktovik, showed that the nearshore zone
was the one area where a significant amount of zooplankton  was available near
the surface. However, biomass in nearshore near-surface waters was not high
relative to biomass in deeper waters farther offshore. Since some individual
bowheads recurred in the Komakuk area for at least 16 days (Table 31), it
would seem that conditions there must have been especially suitable, possibly
with higher food abundance than we found in nearshore areas farther west.

Late summer studies in other parts of the arctic have often found
‘swarms’ of copepods (Calanus), amphipods (Parathemisto),  pteropods
(Spiratella = Limacina), or mysids (Sekerak et al. 1976b, 1979; Buchanan et
al. 1977; Thomson et al. 1978; Griffiths and Dillinger 1981). Many of these
swarms were at the surface in nearshore areas. We do not know whether there
was any such occurrence near Komakuk in the late summer of 1985 or 1984.

Numerous bowhead whales were also present in southern Mackenzie Bay in
late August and early September 1985, and at similar times in 1983 and 1984
(Richardson et al. 1985a; Davis et al. 1986a,b). Bands of cold water were
present along the coast in southern Mackenzie Bay in these pertods (Borstad
1985; Harwood and Borstad 1985; Fig. 13, 16). Zooplankton sampling in this
area in late August 1985 showed that, where the cold Arctic Water Mass was
present at the surface, zooplankton biomass was high in the top meter of the
water column (Table 17, from Bradstreet, in prep.).

Feeding off Kaktovik in 1985---The only part of our official study area
where many bowheads fed during the 1985 study period was on the inner shelf
north and northeast of Kaktovik in late September (Fig. 58, 59; Table 32). In
contrast to the situation near Koinakuk, most of the apparent feeding north of
Kaktovik was deep enough in the water column that the whales were visible
only when they surfaced to breathe. Interestingly, numerous bowheads, some
believed to be feeding, were seen at the same location on 21-26
September 1984; feeding bowheads had not been noticed in this area before
1984 (LGL and Arctic Sciences 1985; Ljungblad et al. 1985a, in press).

Our Boat Transect 1 passed through this area, but we completed sampling
Transect 1 in early September, about 2+ weeks before many whales began to
feed there. By late September, oceanographic conditions there had undoubtedly
changed dramatically from those when we sampled the area. As a result of the
strong westerly wind in mid September , much pack ice had moved in (Fig. 5),
and the area was no longer near the southern edge of the ‘Mackenzie plume’
(Fig. 19).

In early September, zooplankton abundance in surface waters was very low
over the inner shelf off Kaktovik (Table 17). Conditions near the surface may
have been more suitable for zooplankton in late than in early September,
given (a) the mixing caused by the strong winds, and (b) the retreat of the
Mackenzie plume. However, results from Transect 4, sampled on 18 September
after the period of strongest west winds, indicated that a pycnocline was
still present although less clearly defined (Appendix 1). Even then,
zooplankton biomass remained lower above than below the pycnocline (Fig. 31;
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Table 17). This would account for the predominance of water-column feeding
over near-surface feeding, assuming that the same vertical distribution of
zooplankton was present north of Kaktovik.

Species Composition of Zooplankton and Bowhead Diet.--The species
composition of the zooplankton in the Eastern Alaskan Beaufort Sea in
September 1985 was not noticeably different from that elsewhere along the
Beaufort Sea coast and in other arctic regions. Copepods dominated the
zooplankton on a biomass basis (78% of mean wet weight), a caloric basis (90%
of mean cal/m3), and a numerical basis (87% of individuals). Copepods that
were >1.8 mm in length, and presumably large enough to be retained by bowhead
baleen, accounted for 69% of the total zooplankton biomass and 81% of the
total caloric content (Table 13).

Copepods were the major food group in stomachs of 6 of 8 bowheads taken
near Kaktovik (avg: 66% of volume; Lowry and Frost 1984). In the Canadian
Beaufort Sea during 1980-81 , copepods were found to be more abundant in areas
where bowheads were feeding than in areas without feeding bowheads (Griffiths
and Buchanan 1982). The most impressive example of near-surface feeding
observed in the Canadian Beaufort Sea in 1980-84 was on an occasion when
copepod abundance in surface waters was unusually high (Griffiths  and
Buchanan 1982; Wursig et al. 1985a). A high biomass of small copepods
(Limnocalanus,  <2 mm) was found at a bowhead feeding location in the Canadian
Beaufort Sea in 1985 (Bradstreet, in prep.). Copepods are also known to be
the predominant food for balaenid (=right) whales in other oceans (e.g.
Nemoto 1959; Nemoto and Kawamura 1977; Mayo et al. 1985).

Euphausiids and Mysids: During our sampling in September 1985,
euphausiids and mysids were found primarily near the bottom in shallow
nearshore waters. Whether they also occurred in similar abundance near the
bottom farther offshore is not certain, since near-bottom sampling was not
done farther offshore. In our samples as a whole, euphausiids and mysids
accounted for only 2.6% and 1.7% of the wet weight biomass, respectively. On
average, stomachs of eight bowheads taken at Kaktovik contained 31%
euphausiids and 1% mysids. Euphausiids  dominated the diet of two bowheads
taken in 1979, but were scarce or absent (O-5%) in six other bowheads from
Kaktovik (Lowry and Frost 1984). The greater prominence of euphausiids in the
stomachs than in our samples as a whole is not surprising. Most whales taken
by Kaktovik hunters are taken in nearshore waters; most of the euphausiids
(and mysids) that we captured were captured in nearshore areas. If actual
euphausiid abundance decreases with increasing distance offshore, as
suggested by our samples, then the importance of euphausiids to bowheads
feeding in our study area is probably less than indicated by the stomach
contents of bowheads captured in nearshore waters off Kaktovik.

However, the high abundance of euphausiids in two bowhead stomachs
indicates that euphausiids are occasionally extremely abundant in the
Kaktovik area, and that bowheads can capture these fast-moving prey. We did
not detect any high concentrations of euphausiids during this study.  The

maximum euphausiid abundance in any one sample was 58.4 mg/m3, or 13% of
total zooplankton biomass in that sample. Comparison of our bongo and Tucker
trawl data suggested that bongo nets, our main sampling gear, were efficient
samplers of euphausiids (Table 6). Nonetheless, it is quite possible that
euphausiid abundance in the study area was extremely patchy, and that we did
not encounter a high-density patch. Alternatively, euphausiids may have been
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less abundant in 1985 than on the occasions in 1979 when bowheads concentra-
ted their feeding on these animals.

Feeding in Nearshore vs. Offshore Areas.--All bowheads that were
identified as definitely feeding within our official study area during the
1979-85 period were in water <200 m deep, and most were in water <50 m deep
(LGL and Arctic Sciences 1985; Ljungblad et al. in press; this study). Our
zooplankton results were, for the most part, consistent with this. Average
zooplankton biomasses were lower in the outer shelf region (water depth >50
m) than in shallower water (Table 17). Zooplankton biomass north of the shelf
was probably even lower (Hopkins 1969). As outlined above, this trend is to
be expected on the basis of regional patterns of ice conditions, upwelling
and nutrient availability.

Average zooplankton  biomass decreased with increasing distance offshore,
but hydroacoustic data indicated that the maximum biomass in any one 2-m
depth stratum was almost as high over the outer shelf as over the inner shelf
(Table 20). However, maximum concentrations over both the outer and inner
shelf were less than those in nearshore areas.

Although bowheads feeding in the study area tend to be over the
continental shelf, and largely the inner shelf, some feeding probably occurs
in deeper water. Concentrations of bowheads occasionally have been detected
in deeper parts of the study area for periods of several days (LGL and Arctic
Sciences 1985). Also, apparent water-column feeding in waters deeper than 200
m has been observed in the Canadian Beaufort Sea (Wursig et al. 1985a) ,
including a location <20 km east of our official study area on 22 September
1985 (Fig. 58; Table 32).

Feeding Modes.--Within the official study area, feeding in the water
column was the predominant feeding mode during 1985, with a very limited
amount of near-surface feeding on 29 September (Table 32). Near-surface
feeding was more common in the Komakuk area just to the east of the official
study area. AS noted above, zooplankton biomass was much lower near the
surface than below the pycnocline in most areas during September 1985. The
only known exception was in nearshore waters. Thus our observations of
feeding modes were consistent with the general vertical distribution pattern
of the zooplankton.

There have been no observations of bowheads bringing mud to the surface
while feeding within our official study area, insofar as we are aware. During
other studies in recent years, bowhead whales have often been observed
bringing mud to the surface; muddy water has occasionally been seen streaming
from their mouths (Wtirsig et al. 1982, 1985a,b; Ray et al. 1984; Ljungblad et
al. 1985a, in press). Observations of this type have been reported from both
the Canadian Beaufort Sea and Che Barrow area. These whales were presumably
feeding at or very near the bottom. The occasional occurrence of epibenthic
prey types in bowhead stomach contents is further evidence that bowheads
sometimes feed near the bottom (Johnson et al. 1966; Hazard and Lowry 1984;
Lowry and Frost 1984). Most of the bowheads feeding near the bottom may be
small and immature individuals (Lowry and Frost 1984; Wursig et al. 1985b).
In any case, there was no evidence of near-bottom feeding in our study area
in 1985.



I
I
I
I
I
I
I
I
I
I
I
I
I
t
I
I
I
I
I

Integration 251

Year to Year Variability in Feeding Areas .--Two areas where we observed
feeding bowheads in September 1985--along the coast near Komakuk and offshore
from Kaktovik--are locations where feeding bowheads were seen at similar
times in 1984. However, feeding bowheads were not seen at these two locations
in 1979–83. Over the 1979-85 period as a whole, locations of bowheads that
were classified as feeding have varied considerably (LGL and Arctic Sciences
1985; Ljungblad et al. in press).

In the absence of data on zooplankton biomass within our study area in
years before 1985, it is difficult to assess why this variability occurred.
However, the hydrographic  regime within the study area varies considerably
from year to year, depending on prevailing winds and ice conditions. The
influence of the Mackenzie plume, the locations of oceanographic fronts, and
the amount of upwelling within the study area all vary with prevailing winds,
and thus may differ from year to year. These factors may all affect the
amount of zooplankton available in the area. Between- and within-year changes
in these types of hydrographic phenomena may affect zooplankton biomass and
bowhead distribution in the Canadian part of the Beaufort Sea, although the
relationships are complex and variable (Borstad 1985; Thomson et al. 1986).

Our work in 1985 was the first attempt to obtain quantitative data on
zooplankton biomass and distribution relative to hydrographic features within
the Eastern Alaskan Beaufort Sea. Continued fieldwork is needed to determine
the effects of these seasonally and annually variable hydrographic phenomena
on zooplankton and bowhead whales within the study area. In future, it will
be very desirable to conduct fine-scale sampling of zooplankton and water
mass characteristics near as well as away from feeding bowheads. We
hypothesize that zooplankton  will be more abundant near major concentrations
of feeding bowheads than we found in the study area as a whole in September
1985. This would be consistent with results from the Canadian Beaufort Sea
(Griffiths  and Buchanan 1982; Bradstreet, in prep.).

Energetic Importance of the Studv Area to Bowheads

The ‘Zooplankton’ section of this report provides estimates of the
amount of zooplankton available in various parts of our study area during
September 1985. The ‘Energetic of Bowheads’ section provides estimates of
the daily and annual food requirements of the Western Arctic bowhead
population, and of various categories of individual bowheads (subadults,
adult males, adult females). All of these estimates are rough and
preliminary, and will be refined as additional data become available.
However, the present estimates allow preliminary calculations of the
potential importance of zooplankton within our study area to the Western
Arctic bowhead population as a whole, and to individual bowheads that feed
there for different intervals.

Total Amount of Zooplankton  in Study Area

The total annual food requirement of the Western Arctic bowhead
population has been estimated as 3943 x 105 kg/yr on a wet weight basis
(Table 48), or about 400,000 metric tons. This theoretical figure is based on
various assumptions about bowhead physiology and population composition. It
also assumes that the average caloric content of zooplankton in June and July
is 10% less than that measured during studies in August and September 1985.
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Zooplankton sampling in the study area during 1985 was confined to the
continental shelf area. Most bowhead feeding within the study area is
apparently within that zone. About 64,000 MT of zooplankton (wet weight) was
present in the top 50 m of the water column in parts of the official study
area where water depth was <200 m (Table 49). There was little zooplankton
below 50 m depth--probably too little to be a worthwhile food source for
bowhead whales.

The amounts of zooplankton within more northerly parts of the study area
are also of interest. In Table 49, we have assumed that average biomass in
the top 50 m of the continental slope zone (over depths 200-2000 m) was 198
mg/m3, the same as that measured in the top 50 m of the outer shelf zone
(over depths 50-200 m--Table 20). In the Arctic Ocean north of the Beaufort
Sea (75”N latitude), zooplankton biomass averages about 0.63 mg dry
weight/m3, or about 3.5 mg wet weight/m3. We have assumed an intermediate
value of 50 mg wet weight/m3 for the top 50 m of the area between the 2000 m
contour and the north edge of our study area at 71°30’N. Based on these
assumptions, total zooplankton biomass in portions of our study area >200 m
deep may have been about 85,000 MT.

Table 49. Estimated total wet weight of zooplankton in the upper 50
m of the study area, September 1985. Based on mean
estimated zooplankton biomass below the pycnocline (from
Table 20).

Region km2 mg/m3 Deptha Biomassb

Shelf, 0-200 m deep
Nearshore 844 542 7-15 m 3660 MT
Inner shelf 4220 269 7-35 31790
Outer shelf 3376 198 7-50 28740

Subtotal 8440 64190

200-2000 m zone 7589 198 7-50 64610

>2000 m zone 9441 50C 7-50 20300

Subtotal 17030 84910

Total 25470 149100

a Depth=50 m or depth of water, whichever was less. Top 7 m of water,
where there was little zooplankton, is not considered.

b Biomass in top 50 m (excluding top 7 m), in metric tons.
c Assumed value--see text.

Thus , in September 1985 the total estimated zooplankton biomass in the
upper 50 m of the water within the study area was about 149,000 MT. Of this,
about 64,000 MT was in the continental shelf area where most bowhead feeding
apparently takes place. The total standing stock of 149,000 MT of zooplankton
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was about 38% of the estimated annual food requirement of the Western Arctic
bowheads. Lowry and Frost (1984) hypothesized that bowheads feed for 25 d in
the Alaskan Beaufort Sea, and for 130 d in total. The total standing stock of
149,000 MT in our study area was about twice the estimated food requirement
in 25 days (approx. 76,000 MT), assuming that feeding occurs for 130 d/ye.
The estimated 64,000 MT within the continental shelf zone in September 1985
was only about 85% of the estimated food requirement of the population in 25
d.

ZooDlankton  Available to Bowheads

In the Canadian Beaufort  Sea, zooplankton
higher than average in areas where bowheads
1982 ; Bradstreet, in prep.). Other species

biomass has been found to be
feed (Griffiths  and Buchanan
of baleen whales also feed

preferentially in areas with a higher than average biomass of potential
prey. Fin whale distribution around Iceland appears to be closely related to
the presence of a semipermanent area of upwelling (Foerster  and Thompson
1985). Fin whale densities were highest in the core of the area, where the
biomass of zooplankton was 4 to 9 times higher than in surrounding areas.
Movements and distributions of fin and blue whales in the North Pacific are
also largely determined by the distribution and abundance of prey (Nemoto
1959). The distribution and movements of humpback whales around Newfoundland
appear to be closely related to the distribution and movements of capelin,
their principal prey (Whitehead and Glass 1985). In Glacier Bay, Alaska,
Bryant et al. (1981) related changes in distribution of humpbacks to changes
in abundance of their prey. In the northern Bering Sea, the distribution of
gray whales and the density of feeding traces left on the sea bed by this
benthic-feeding species were closely correlated with biomass of potential
prey (Thomson and Martin 1984). Baleen whales apparently cannot obtain
enough food by feeding in areas of average prey abundance; they must feed
selectively in areas of concentrated prey (Nemoto 1970; Brodie et al. 1978).

Thus, not all of the zooplankton in the study area would be available to
feeding bowhead whales. Some of this zooplankton would occur in
concentrations that are too low to permit economical feeding. We would
expect that most feeding would be in areas where the zooplankton density is
greater than a threshold biomass representing the minimum concentration for
economical feeding.

Although the field data are insufficient to calculate the actual feeding
threshold, we can calculate a theoretical feeding threshold. Given the
assumptions of the energetic model, an average whale would have to consume
767 kg/d for 130 d/yr (from data in Table 48). An average bowhead is about
12.4 m in length and has a mouth area of 4.5 m2 (Table 41). If we assume a
swimming speed of 5 lan/h while feeding and a 20 h feeding day (see ‘Feeding
Rates in Nature’ above), an average bowhead would have to feed in areas with
a mean zooplankton concentration of 1.7 g/m3. To consume a mean of 1.7 g/m3,
a bowhead in our study area during September 1985 would have had to feed in
concentrations of 1.0 g/m3 or greater. The mean zooplankton concentration in
areas where the actual concentration was >1.0 g/m3 was 1.8 g/m3 (Table 50).
If a whale spent some of its feeding tire in areas with concentrations of
zooplankton less than 1.0 g/m3, it would not be able to meet its theoretical
daily requirements.



Table 50. Frequency of occurrence of various zooplankton biomasses as estimated from hydroacoustic data
recorded along Transects 1 and 2. Biomasses in 5263 transect segments are tabulated by 0.25 g/m3
intervals. Each transect segment is about 185 m long and 2 m thick. Only those segments below the
pycnocline and above a depth of 50 m are considered.

Range of Frequency of Mean Biomass Mean Biomass Percent of Total Biomass on Shelf
Zooplankton Biomass in in This in This and Total Biomass
Biomass This Range Range All Greater Over Shelf in In Range Cumulative
(g/m3) (1} segments) (g/m3) Ranges (g/m3) This Range ( MT) (MT)

0-0.249
0.250-0.499
0.500-0.749
0.750-0.999
1.000-1.249
1.250-1.499
1.500-1.749
1.750-1.999
2.000-2.249
2.250-2.499
2.500-2.749
2.750-2.999
3.000-3.249
3.250-3.499
3.500-3.749
3.750-3.999
4.000-4.249
4.250-4.499
4.500-4.749

3617
1119
322
100
27
24
10
17
8
4
1
4
6
1
0
1
1
0
1

0.127
0.346
0.601
0.858
1.099
1.358
1.608
1.862
2.169
2.341
2.549
2.820
3.171
3.490

3.868
4.008

4.501

0.249
0.517
‘0.882
1.323
1.766
1.997
2.281
2.434
2.794
3.057
3.248
3.298
3.489
3.967
4.126
4.126
4.255
4.501
4.501

35.03
29.51
14*77
6.54
2.26
2.49
1.23
2.41
1.32
0.71
0.19
0.86
1.45
().27
0.00
0.30
0.31
0.00
0.34

22,489
18,941

9480
4200
1453
1596
787

1550
850
458
125
552
932
171

0
189
196

0
220

64,190a

41,701
22,760
13,281

9081
7627
6031
5244
3694
2845
2386
2261
1709
777
606
606
417
220
220

o
3

5263 100% 64, 190a N
U

a From Table 49.
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Thus , 1.0 g/m3 would be the theoretical threshold for feeding in our
study area under the aforementioned assumptions. However, it is probable
that an average bowhead whale feeds for less than 20 hid, and swims at less
than 5 kmlh while feeding. If SO, the feeding threshold would be higher than
1.0 g/m3. Nonetheless, this theoretical threshold is similar to an empirical
value from recent fieldwork on northern right whales. Right whales
apparently feed only in areas where copepod density exceeds 1100/m3 (Mayo et
al. 1985), which they stated to be equivalent to 0.73 g/m3* Average copepod
densities in right whale feeding areas were 4 times higher than this
threshold, i.e. 4340 copepods/m3 (Mayo et al. 1985) or 2.8 g/m3~

In September 1985, bowheads could have met theoretical energetic
requirements by feeding in concentrations of 1.0 g/m3 or greater. However,
within our study area the quantity of zooplankton represented by these
concentrations was not large in comparison to the requirements of the
population. Only about 14% of the total zooplankton  biomass along Transects
1 and 2 was in the transect segments (each approx. 185 m horizontally by 2 m
vertically) that contained >1.0 g/m3. Thus, only about 9000 of the 64,000 MT
of zooplankton over t he— continental shelf (Table 49) occurred in
concentrations of ~1.O g/m3* Along Transects 1 and 2, 71 (22%) of the 330
2-rein transect segments contained a biomass of >1.0 g/m3 at some depth.
Thus , about 22% of the area of the continental s—helf (<200 m) within our
study area may have provided a suitable feeding ground for bowhead whales in
September 1985.

Food Consumption by Bowhead Population

In late summer and autumn of 1985, an average bowhead was present within
our study area for at most a few days, and possibly little more than the 1
day needed to migrate across the study area at 5 km/h (see ‘Bowheads’
section). Assuming that only 2/130ths of the annual food requirement of the
population was met in our study area, about 6000 MT would be consumed there.
This would be about 4% of the estimated standing stock of zooplankton in the
study area as a whole, or 9% of the standing stock within the continental
shelf portion of the study area. However, given our assumptions about
threshold feeding concentrations, 6000 MT represents 66% of all concentrated
food (>1 g/m3) available to bowheads on the shelf.

Some individual bowheads could have obtained 2/130ths  of the annual food
requirement by spending 2 days in our study area during September 1985.
However, based on our hydroacoustic surveys and the assumptions discussed
above, it is questionable whether the entire population of bowheads could
have consumed 6000 MT within the study area if they fed there for an average
of 2 d per individual.

In most years, late summer utilization of the study area by bowheads is
considerably greater than that in 1985. Raw density figures from 1979-84
vs. 1985 suggest that the number of whale-days of utilization in an average
year is several times as high as that in 1985 (Table 24 vs. 22).

In August 1985, up to 60 whales may have utilized the southeast corner
of the study area for about 20 days (Table 27). In contrast, at least
several hundred bowheads were found along the Yukon coast and in Mackenzie



Integration 256

Bay in August and September 1985 (Davis et al. 1986b; Duval et al. in
prep.). The Mackenzie River plume edge, turbulence and upwelling are regular
oceanographic features of this area, and bowhead whales are often associated
with these features (Marko 1975; Borstad 1985; Harwood and Borstad 1985;
Bradstreet and Fissel in prep.; Duval et al. in prep.). The physical
oceanographic regime off the Yukon coast may enhance zooplankton production
and cause zooplankton to be more concentrated than in other areas. Although
the average biomass of zooplankton off the Yukon coast in August 1985 was
comparable to that in the present study area, the plankton appeared to be
more concentrated off the Yukon coast (see ‘Zooplankton  and Hydroacoustics’).

In late August and the first half of September, due to prevailing
southeasterly winds, offshore parts of our” study area were under the
influence of Mackenzie River water to a greater degree than usual, and there
was a band of cold saline water nearshore. However, thermal and salinity
gradients in this region were not as strong as those off the Yukon coast
where whales were concentrated and Bradstreet (in prep.) conducted his
zooplankton sampling.

Two related hypotheses might explain the observed distribution of
bowhead whales in 1985:

1. Bowhead whales were relatively scarce in the study area in 1985 as
compared to other years because in 1985 the area was under the
influence of the Mackenzie River plume; zooplankton biomass and/or
concentrations may be reduced in such areas (Thomson et al. 1986).

2. Bowhead whales remained off the Yukon coast rather than moving into
the eastern Alaskan Beaufort Sea late in the 1985 season because the
physical oceanographic regime off the Yukon coast enhanced
zooplankton availability in that area.

These hypotheses are not mutually exclusive, and a combination of the two
related effects is likely. These hypotheses could be tested by comparison of
the 1985 results with corresponding results on bowheads, zooplankton and
physical oceanography in a future year when easterly winds are less prevalent
than in 1985.

We conclude that the Western Arctic bowhead population acquired very
little of its annual food requirement from our study area during the late
summer and early autumn of 1985. In most years, the population apparently
acquires considerably more food in the area. We do not know whether the
zooplankton biomasses and patch characteristics found in 1985 were typical.
It is possible that higher concentrations of food are available in the study
area in some other years.

The t o t a l  z o o p l a n k t o n  s t a n d i n g crop in the study area in 1985 was
apparently too low and too widely dispersed to provide more than a small
fraction of the total annual energy requirement of the Western Arctic
population of bowheads. In addition, it should be noted that the arctic cod
is probably the dominant consumer in the area, and thus much of the
zooplankton present is not utilized by bowheads (Frost and Lowry 1984).
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Importance to Individual Bowheads

Feeding within the Eastern Alaskan Beaufort Sea might be important to
some individual whales even if it contributes little of the food consumed by
the entire bowhead population during the year. Groups of bowheads have
sometimes been seen for several days at specific locations within the
official study area (LGL and Arctic Sciences 1985). There is no proof that
the same individual bowheads were at these locations on subsequent days.
However, vertical photography has proven that some recognizable individuals
recur over periods of several days at various feeding locations in the
Canadian Beaufort Sea (Davis et al. 1983, 1986a,b; this study). We found that
some individuals recurred near Komakuk, only about 30 km from the official
Study area, during September 1985 (Table 31). The average and maximum
documented residence times near Komakuk were 7 and 16 days, but such values
are inherently underestimates.

If any individual whales feed within the study area for 15 or more days,
this would be a significant fraction of their total annual feeding days (11%%
if feeding occurs for 130 d). Furthermore, the energy content of the prey is
probably near its annual maximum during September (Percy and Fife 1981), the
peak time of feeding within the study area. Thus, feeding for a given number
of days may provide a disproportionate percentage of the annual energy intake
of that individual whale (>11$% in the ’15 of 130 d’ example). Our echo-
sounding surveys suggested that zooplankton patches of the required density
were common enough within the study area in September 1985 to meet the
requirements of some individual whales (see ‘Energetic of Bowheads’ section
and above).

During the 1986 field program, studies of the fine-scale distribution of
zooplankton around concentrations of feeding bowheads are a top priority.
Acquisition of direct data on residence times within the study area, via
radio-telemetry and vertical photography, should also be a high priority for
1986. Zooplankton studies in 1986 will help determine whether the rather low
biomasses of zooplankton found in most areas during 1985 were typical. If
zooplankton availability and bowhead utilization are both higher in 1986, we
will have further evidence that the broad-scale movement patterns of bowhead
whales during the feeding season are in some way attuned to broad-scale
variability in zooplankton distribution, as suggested by Thomson et al.
(1986).

Potential Oil Industry Effects

TWO main concerns have been “expressed with respect to potential Oil

industry effects on bowhead whales. One is the possible effect of an
accidental oil spill or blowout on bowheads. The other is the potential for
disturbance by underwater noise or other stimuli caused by oil industry
activities. This section contains brief comments on the possible effects of
oil and disturbance on the accessibility of prey to bowheads feeding in the
Eastern Alaskan Beaufort Sea. The significance of any direct effects of oil
or disturbance on bowheads is not considered here.
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Effects of Oil- Spills on Prey Availability*

Contamination of zooplankton by oil could have effects on bowhead whales
if zooplankton abundance were reduced significantly by the oil, or if the
whales ingested significant amounts of petroleum hydrocarbons by eating
oil-contaminated zooplankton, or if bowheads avoided oil-contaminated prey.
Considerable effort has been directed toward laboratory studies of oil
effects on particular zooplankton species, including the euphausiid
Thysanoessa raschi, a major food source for bowheads in the Alaskan Beaufort
Sea (Fishman et al. 1985). Less effort has been devoted to studies of oil
effects on zooplankton communities in controlled marine ecosystems or at
sites of accidental marine spills. Reviews of these studies can be found in
Thomson et al. (1981), Wells (1982), Teal and Howarth (1984) and Rice et al.
(1985), among others.

Direct effects of oil on zooplankton can include mortality and a number
of types of sublethal responses. Some types of sublethal effects may impair
the fitness of individual zooplankters to the extent that local populations
or communities are subsequently affected. These types of sublethal effects
include

- reduced feeding, which is of particular importance in the arc~ic where
feeding by zooplankton is concentrated in a few months of the year,

- increased susceptibility to predation as a result of temporary
narcosis,

- delayed or inhibited molting in crustaceans,
- disruption of reproductive behavior and reduced fertilization,
- prolonged or reduced embryonic development,
- reduced larval growth or surv~val, or
- inability of pelagic larvae of benthic invertebrates to locate

suitable substrates.

Indirect effects of oil on zooplankton may also occur if oil causes changes
in the planktonic algal communities on which most zooplankters feed.

Most laboratory studies have examined the sensitivity of single
zooplankton species to varying lengths of exposure to different types and
concentrations of oil. In general, lethal effects are encountered at oil
concentrations from 0.1 to 10 parts per million (ppm), whereas sublethal
effects may occur during lengthy exposures to lower oil concentrations (Wells
1982) . For the euphausiid Thysanoessa  raschi, 50% mortality occurred after a
3 d exposure to about 2 ppm oil (Fishman et al. 1985). It is difficult to
extrapolate from laboratory results to field situations. In the field,
susceptibility is influenced by factors such as behavior, habitat preference,
and oceanographic processes. These factors may alter the likelihood of any
contact between zooplankton and oil, or may alter exposure concentrations or
times.

Thus , any assessment of the impact of oil on zooplankton must consider
the behavior and distribution of both zooplankton and oil. The behavior of
oil in marine environments is becoming well understood (e.g. McAuliffe  1977;
Thomas 1984). However, there are few published data on concentrations of oil

* Prepared by William E. Cross, LGL Ltd.
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in the water column after spills or blowouts. Concentrations under slicks are
generally in the parts ””per billion (ppb) range (Gundlach et al. 1983). Higher
concentrations, up to 50 ppm or more, have been reported near subsea blowouts
or under slicks that have been treated with dispersants. However, such high
concentrations persist for very short times (minutes or hours), or are found
only in very shallow water (<5 m) or near the oil source.

Pycnoclines  can be effective in confining oil to the upper layers of
water. Normally there is little exchange between the water masses above and
below a pycnocline. Storms would undoubtedly increase the mechanical
dispersion of oil, and might disrupt the pycnocline. However, storms also
reduce oil concentrations in the water by increased spreading of the slick
and increased evaporation of the more volatile oil fractions.

Thus , zooplankton probably would be susceptible to oil effects only in
near-surface waters or in shallow areas where restricted water circulation
maintains relatively high concentrations of oil. In the cases of blowouts or
use of chemical dispersants, high concentrations can occur below the water
surface, but high concentrations are likely to be short lived or localized.

In the Alaskan Beaufort Sea, important zooplankton  concentrations likely
would encounter harmful oil concentrations only in nearshore waters. The
nearshore water mass was the only zone in which we found significant
zooplankton biomass near the surface. It was also the area where we most
often saw bowheads feeding near the surface. Offshore, the main zooplankton
concentrations and oil likely would remain separated by the pycnocline  that
was present several meters below the surface (Appendix 1). Studies of several
major oil spills under varying oceanographic conditions have reported some
oil effects on individual zooplankters (e.g. adherence or ingestion of oil,
mortality), but there has been little evidence of prolonged change in open
ocean zooplankton  communities (Wells 1982).

The zooplankton communities present in any part of our study area deep
enough for bowheads to feed are undoubtedly highly transient. To a first
approximation, zooplankton are carried along by ocean currents. Thus, if
zooplankte rs in a feeding area for bowhead whales were affected by an
oilspill, those zooplankters would soon be replaced by others arriving from
elsewhere. Only in the case of a prolonged subsea blowout within (or
up-current from) a feeding area might the effects of oil on zooplankton
persist for a prolonged period. Once the blowout enclecl, there WoUlcl be rapid
replenishment of the zooplankton community as currents carried the oil and

o i l - e x p o s e d  zooplankton away, and brought UneXpOsecl  Zooplanlcton into the

area. Repopulation and natural patchiness were major factors leading to the

conclusion, in a recent EIS for the Alaskan Beaufort Sea, that changes in
zooplankton biomass detrimental to bowhead feeding would be unlikely even
from a major oil spill (MMS 1984),

The nearshore part of the study area seems to be important for above-
average zooplankton  concentrations, including zooplankton  concentrations near
the surface. Bowhead whales have often been seen feeding in nearshore areas,
and sometimes feed at the surface in those areas. Thus, an oil spill
affecting the nearshore zone would be of particular concern. Otherwise, no
one part of the study area has been identified as supporting an unusually
high concentration of zooplankton.  Also, feeding bowhead whales have not been
observed consistently, during different years, in any one area. It is
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possible that certain specific parts of the study area are more important
than others for .zooplankton and for feeding bowheads, but this has not been
demonstrated to date.

Disturbance Effects in Bowhead Feeding Areas

In September 1985, the majority of the bowhead concentrations that we
observed were exposed to faint or moderate-intensity noise pulses from
distant seismic operations (Tables 32,34; Fig. 68). Despite this, the whales
were feeding. Some recognizable individual bowheads remained in the Komakuk
area despite the fact that this area was repeatedly ensonified by faint-
moderate seismic pulses. These results were consistent with those of previous
studies, which ‘nave shown that bowheads continue their normal activities when
exposed to noise pulses from seismic vessels more than a few kilometers away
(Reeves et al. 1984; Ljungblad et al. 1985b; Richardson et al. 1985b,c,
1986). Similarly, some bowheads feed in areas ensonified by drillships and
dredges (Richardson et al. 1985b,c). Thus, the activities of bowheads are no&
disrupted in any obvious way by ongoing noise from distant seismic vessels,
drillships or dredges.

Short-term Disturbance Reactions. --Bowheads generally do move away when
levels of industrial noise increase rapidly to high intensities (Ljungblad et
al. 1985b; Richardson et al. 1985c, 1986). This happens when any boat heads
more or less directly toward bowheads, or when a seismic vessel approaches
within a few kilometers. Avoidance also occurs when drilling or dredge noise
begins at a level equaling that within a few kilometers of an actual
drillship or dredge. If one of these types of disturbance occurred within a
few kilometers of a feeding area, bowheads probably would be displaced
temporarily.

Seismic vessels are inherently mobile, so a given feeding location is
unlikely to be exposed continuously to strong seismic impulses. Furthermore,
concentrations of feeding bowheads have been observed to remain in various
areas despite repeated approaches by seismic vessels. For example, bowheads
remained in part of Mackenzie Bay for several weeks during August 1984
despite occasional passes through the area by a high-energy seismic vessel,
the ‘GSI Mariner’ (Richardson et al. 1985a). One day after that ship passed
within l~km of feeding bowheads, bowheads were seen at the same approximate
location (Richardson et al. 1985b, 1986). We do not know whether some of the
same individual ‘whales were present during repeated approaches by the seismic
vessel, but bowheads as a group continued to feed in the area of ongoing
seismic exploration.

Similarly, during the first half of August 1980 a concentration of
feeding bowheads was present in the general area of an island construction
operation north of the Mackenzie Delta. Many of these whales were well within
the zone ensonified by underwater noise from the dredge and associated
vessels (Richardson et al. 1985a,b).

These examples suggest that ongoing industrial operations do not
displace feeding bowheads from general areas that are otherwise attractive.
Individual whales move a few kilometers in response to an approaching vessel
(especially a seismic vessel), but do not seem to leave the general area.
However, data on the movements of marked or naturally recognizable
individuals are needed to confirm this tentative conclusion.
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It is not yet clear whether some parts of the study area are, because of
unusually high zooplankton abundance, particularly important to feeding
bowheads. If so, bowheads that were displaced from a feeding area might have
difficulty finding alternative areas with equally suitable conditions for
feeding. We plan to perform fine-scale sampling around feeding bowheads in
1986. This should provide more information about the plankton biomass
required for efficient feeding, and the potential availability of suitable
alternate feeding areas.

Long-term Effects?--Much seismic exploration has been done within parts
of our study area used by bowheads, but offshore dredging and drilling are
just beginning. In the Canadian Beaufort Sea, all of these types of offshore
activities have been going on for a decade or more within the summer range of
bowhead whales. Bowheads continue to occur each year within the broad area
where seismic exploration has occurred. However, the number of bowheads
within the smaller area of offshore drilling, dredging, and support traffic
has been lower in recent years than in some earlier years (Richardson et al.
1985a; Duval et al., in prep.). Bowheads were apparently abundant in the
central part of the main industrial area in 3 of 5 years from 1976 to 1980,
but in O of 5 subsequent years.

One hypothesis is that the year to year changes in distribution are
largely in response to presumed variations in zooplankton  abundance (Thomson
et al. 1986). An alternative hypothesis is that ongoing industrial activities
have led to a long-term decline in the attractiveness of the ‘Main Industrial
Areaf to bowheads. However, there have also been year to year fluctuations in
bowhead distribution and abundance in areas outside the main industrial
area. The two hypotheses are not necessarily mutually exclusive, and
presently available data are consistent with both. Further studies of
zooplankton dynamics in the Canadian Beaufort Sea will be needed before the
validity of the ‘food hypothesis’ can be assessed.

The results of the Canadian studies will have considerable implications
with regard to the potential for long-term modification of bowhead
distribution patterns within Alaskan waters as offshore drilling, dredging
and support traffic increase. The results of the present Alaskan study should
also be helpful in evaluating the situation in the Canadian Beaufort Sea,
particularly if we are able to document the fine-scale characteristics of
bowhead feeding areas during 1986.
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INTERIM CONCLUSIONS

The following interim conclusions are based on results from fieldwork in
1985, the first year of a 2-year project, and on the literature.
Modifications and additions to this list of conclusions will be made in the
final report on 1985-86 work, to be prepared in early 1987.

Water Mass Distributions

1.

2.

3.

4.

5.

6.

7.

8.

During the first half of September 1985, comparatively warm, fresh,
turbid water of Mackenzie Bay origin was present over the offshore
portion of the study area, from approximately the edge of the
continental shelf to abyssal depths. The continental shelf and slope
portions of the study area were virtually ice-free at this time.

The influence of Mackenzie Bay water in early September 1985 was
stronger than had been observed in previous years, at least partly
because of the extended period of easterly winds during most of
August and early September 1985. The heavy ice conditions in the
easternmost part of the Canadian Beaufort Sea were probably another
contributing factor.

Three water masses were recognized over the continental shelf:
nearshore, inner shelf, and outer shelf.

The nearshore water mass consisted of comparatively warm water
(>0.5°C), ,and formed a narrow, discontinuous band within about 3-4
km from the shore. This band was interrupted by pockets of cold
water extending to the coastline.

The inner shelf water mass was colder (-1.5 to 0.5°C) and more
saline; it represented a mixture of cold, saline Arctic Water with
warmer, fresher surface water originating either locally or from the
offshore Mackenzie Bay water.

The outer shelf water mass generally consisted of water with
intermediate surface temperatures (0.5 to 1.5°C);  it represented a
mixture of the cold, -saline water characteristic of that in
inner shelf region with the warmer, fresher water of Mackenzie
origin found offshore.

The distribution of water masses and ice changed markedly
mid-late September as a result of strong northwesterly winds in
15-22 September period. By 22 September, much of the study area

the
Bay

in
the
was

covered by >90% ice. The water of Mackenzie Bay origin was no longer
evident as an identifiable feature in the Eastern Alaskan Beaufort
Sea. High levels of vertical mixing had resulted in cooler, more
saline, and more homogeneous surface water properties.

Boat-based CTD data provided strong evidence of coastal upwelling in
the 5-10 September period. The upward tilting of temperature and
salinity contours indicated that cold, saline Arctic Water found at
depth near the shelf edge was being transported shoreward onto the
inner continental shelf. Chlorophyll a and nitrate contours provided
corroborating evidence (Appendix 2). -
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9. Three large-scale front al features were identified over the
continental shelf in early September. The innermost front, within a
few kilometers of the coast, was along the north edge of the narrow
nearshore band of warmer, more turbid water. The middle and outer
fronts separated surface waters who se temperatures were low
(<0.5”C), intermediate (0.5-2.O”C)  and higher (>2.00C). The
locations and intensities of the middle and outer fronts varied
with time. Relative magnitudes of temperature and salinity
gradients differed considerably among the various frontal
features. Those fronts with small temperature gradients but large
salinity gradients might not be resolvable by remote sensing
techniques.

10. Airborne and satellite remote sensing suggested that meanders and
eddies, likely of offshore origin, were present within the cold,
saline surface waters over the inner shelf. Typical diameters, as
resolved in satellite imagery, ranged up to 10-15 km.

11. Intense frontal features over spatial scales as small as a few
hundred meters were detected by higher resolution sampling from the
aircraft and boat.

Zooplankton and Hydroacoustics

12. The composition of the zooplankton in the Eastern Alaskan Beaufort
Sea was generally similar to that elsewhere along the Beaufort Sea
coast and in other arctic regions. However, the relative abundances
of some species and groups vary between locations and years.

130 Copepods dominated the zooplankton on a biomass basis (78% of wet
weight) as well as a numerical basis (87% of individuals). Copepods
that were >1.8 mm in length, and presumably large enough to be
retained by bowhead baleen, accounted for 69% of the total
zooplankton biomass.

14. Euphausiids and mysids were found primarily near the bottom in
shallow nearshore waters. Whether they also occurred in similar
abundance near the bottom farther offshore is not certain, since
near-bottom sampling was not done farther offshore.

15. Average zooplankton biomass was highest in the nearshore and inner
continental shelf areas (south of the 50 m contour), and lower on
the outer continental shelf (north of the 50 m contour).

16. Biomass in deep waters north of the shelf break was not measured in
this study. Our data from the inner and outer shelf areas indicated
that biomass was much higher there than previously reported for the
top 200 m of the Arctic Ocean far offshore (cf. Hopkins 1969).—

17. Average zooplankton biomass within our study area was at the lower
end of the range reported for the outer Mackenzie Delta during
1980-81 (cf. Griffiths and Buchanan 1982). Our average biomass was—
similar to that found off the Yukon coast in August 1985 by M.
Bradstreet (LGL Ltd., in prep.). However, zooplankton was more
concentrated along part of the Yukon coast where bowheads were
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18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

feeding; zooplankton biomass at some locations there was higher
than in samples taken within our study area.

Except in nearshore areas, zooplankton biomass above the pycnocline
(i.e. top 5-10 m) was very low. The highest biomasses were
generally just below the pycnocline. However, we rarely measured
zooplankton biomass in the top meter of the water column.
Bradstreet found high values in the top meter at some locations off
the Yukon coast where cold Arctic Water was present at the surface.

The majority of zooplankters
depth of 40 m, and thus wou
whales.

Zooplankton distribution was

were between the pycnocline and a
d be easily accessible to feeding

patchy. Off Kaktovik, patches were
more abundant in the nearshore and inner shelf water masses (i.e.
in areas <40 m deep) than in outer shelf waters. Average biomass
within patches was also higher in nearshore and inner shelf areas
than farther offshore.

Zooplankton patches were generally very extensive in the horizontal
plane (i.e. 100s to 1000s of meters in length) but usually only
5-10 m thick.

Average biomass of zooplankton was not elevated near oceanographic
fronts identified along the transects. However, biomass at the
depth of maximum biomass appeared to be slightly elevated near
fronts.

Most zooplankton sampling during September 1985 was conducted in
hydrographic conditions set up by prevailing easterly winds.
Limited sampling after a period of strong westerly winds indicated
that the vertical and horizontal distribution of zooplankton may be
quite different then. Additional zooplankton data are needed under
west wind conditions.

The average caloric content per gram of zooplankton was 6583 cal/g
dry weight and 1003 cal/g wet weight. Caloric content per unit wet
weight was highest in samples with the highest biomass, which
typically were from nearshore and inner shelf areas.

Copepods had a higher energy content per unit weight than did other
major groups. Copepods contributed 90% of the total caloric content
of the zooplankton.

Dry weight of zooplankton in all of our samples averaged 16% of wet
weight. This is typical of results from most other studies, but
lower than the value used implicitly in some previous analyses of
the energy needs of bowheads.

Bowhead Distribution, Numbers and Activities

A few bowheads were seen in the study area by other investigators
during early-mid August 1985, but none were seen there in late
August or early September.
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28. The 1985 migration through the study area began around 11
September, and apparently peaked in late September after much ice
was blown into the study area.

29. Some bowheads continued to travel westward through the study area,
in heavy ice conditions, during early to mid October.

30. Raw density estimates from aerial surveys of the continental shelf
and slope zones were only about 0.06 and 0.04 bowheads/100 km2,
respectively, during mid-late September 1985. These figures are
very approximate because of the low number of sightings. However,
raw densities were clearly lower than in most other recent years.

31. Behavioral data indicated that only about 10% of the bowheads
present ‘on-transect t were seen during aerial surveys, mainly
because whales were submerged and invisible about 90% of the time.
The available data from 1981-84 suggest that detectability of
bowheads in and near our study area was similarly low in those
earlier years. Detectability was apparently even lower for whales
in areas of heavy ice cover.

32. Even after allowance for the many whales present but undetectable
during aerial surveys, estimated numbers in the study area were
very low at all times during late summer and early autumn of 1985.
Considerably higher numbers were present at this time in some
previous years.

33. Mother-calf pairs sighted within the study area during 1985 were
widely distributed geographically and temporally, as in previous
years.

34. In contrast to the low numbers of bowheads within the official
study area, many feeding bowheads lingered along the Yukon coast
near Komakuk, about 30 km east of the official study area, during
late August and much of September 1985. Several individually
recognizable whales photographed near Komakuk were re-photographed
on later days, including one whale photographed 3 times over a
16-day span. Most bowheads in this area were subadults 7.5-13 m
long, but a few adults were present.

35. Late September was the only time in 1985 when a concentration of
feeding bowheads was found within the study area. They fed some
30-40 km north and northeast of Kaktovik. These whales had
apparently departed by early October. The whales that fed here
included many adults (some with calves) as well as subadults.

36. Most bowheads feeding within the official study area fed below the
surface, consistent with the low abundance of zooplankton in
surface waters. In contrast, bowheads often fed at the surface
along the Yukon coast.

37. Many of the bowheads observed within and just east of the official
study area during September 1985 were exposed to faint-moderate
intensity noise pulses from distant seismic vessels. Activities
seemed normal despite this noise exposure.
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38. The behavior of bowheads feeding within and near the study area was
similar to that documented during previous studies in summer and
early autumn.

39. When bowheads engaged in presumed water column feeding, net
horizontal distances traveled during single dives ranged from about
O to 700 m.

40. During some observation sessions when bowheads were feeding, the
headings of the whales when they surfaced to breathe were
predominantly westward. This suggests that bowheads sometimes were
migrating gradually westward as they were feeding.

41. Observed feeding locations in and near the Eastern Alaskan Beaufort
Sea have differed between years. Bowheads fed north of Kaktovik and
along the Yukon coast near Komakuk at the same times in 1984 and
1985. However, feeding was not noticed at these locations in other
y e a r s .

Energetic of Bowheads

42. Energy requirements of bowhead whales are somewhat uncertain
because of uncertainties about bowhead physiology and population
composition. However, the apparent energy needs of bowheads are
generally consistent with what is known about other large whales.
Also, most of the different methods for calculating energy needs
give similar results. Food requirements and food availability can
be estimated with sufficient accuracy to warrant comparison.

43. The energetic requirements of bowhead whales as estimated using the
respiration method are similar to estimates based on calculated
power output or hydrodynamic considerations, but higher than
estimates based on Brodie’s (1981) standard metabolism approach.
The theoretical energy requirements of bowheads appear to be
somewhat lower than those of other large whales.

44. One uncertainty affecting the energetic analysis has been the
unknown amount of feeding in winter and during migration around
western Alaska. Isotopic analysis techniques show promise as a way
to determine the relative amount of feeding during summer/early
autumn Vs . winter. Results to date are consistent with the
hypothesis that there is little feeding in winter (see Appendix
2)* However, additional samples of whale tissue from animals
harvested in autumn and spring are needed.

45. The caloric content of zooplankton in the Eastern Alaskan Beaufort
Sea, on a wet weight basis, is substantially lower than was assumed
in some previous analyses of bowhead energetic. Consequentlyg the
required annual food intake is higher than previously estimated.

46 . The annual food requirement of the Western Arctic population of
bowheads is tentatively estimated to be about 400,000 MT, with
broad confidence limits.
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47. Based on the present energetic model, an average bowhead would
have to feed at locations where average zooplankton biomass is at
least 1.7 g/ins if it must meet its annual food requirement in 130 d
of feeding. Based on our hydroacoustic  results from September 1985,
whales would have to feed at locations where minimum zooplankton
biomass is at least 1.0 g/ins in order to obtain an average of at
least 1.7 g/ins. Within the continental shelf portion of our study
area (depth <200 m), about 22% of the area contained a biomass of
~1.O g/m3 in one or more 2-m depth strata. About 64,000 MT of
zooplankton  was present over the continental shelf, but only about
gOOO MT was at locations and depths where biomass was >1.0 g/ins.—

48. The average Western Arctic bowhead probably fed in the study area
for only a day or two during the late summer and early autumn of
1985. Assuming an average of 2 days of feeding, some individual
bowheads probably could have acquired 2/lsoths (or more) of their
annual food needs within the study area. However, for the entire
population, 2/130ths of the annual food needs would be about 6000
MT, or about 67% of the zooplankton occurring in concentrations of
~1.O g/m3 (shelf portion of study area only) . It is doubtful
whether the entire population of bowheads could find zooplankton
concentrations sufficiently dense to provide this amount of food in
2 days of feeding within the continental shelf portion of our study
area.

49. Bowheads probably consume several times as much food in the study
area during an average year as compared with the amount consumed
there “in 1985. This conclusion is based on the higher average
densities of whales that are present in most years.

50. Most of the presently available data on food availability in the
study area came from one period of prolonged easterly winds in
September 1985. (Previous studies did not provide data on
zooplankton  biomass.) Additional” data from other years, other
locations within the study area, and other wind conditions are
needed to evaluate whether food availability in 1985 was typical.
Data on food availability at locations and times when bowheads feed
within the study area are also needed in order to validate the
energetic model. Wind conditions and numbers of bowheads present
in any future year cannot be predicted, but all of these types of
observations are planned for the 1986 phase of this project.
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APPENDIX 2

PRODUCTION AND CARBON ISOTOPE ABUNDANCES
RELATION TO BOWHRAD WHALE FEEDIN@

Introduction

To determine the importance of the eastern part of the Alaskan Beaufort
Sea as a feeding area for bowhead whales, we need to know what fractions of
their energy intake are acquired there and in other potential feeding areas.
Stocks of zooplankton in the overwintering areas of the bowhead whale in the
Bering Sea are at their annual minima in spring, as are those along the
spring migration route through the Chukchi and Beaufort seas. Nonetheless, a
limited amount of feeding does occur during spring (Hazard and Lowry 1984;
Lowry and Frost 1984; Carroll and George 1985). The summering areas in the
Canadian Beaufort Sea are clearly important for feeding (Wiirsig et al.
1985a). In addition, considerable feeding activity has been observed during
the westward fall migration of bowheads through the Alaskan Beaufort Sea
(Braham et al. 1984; Lowry and Frost 1984; Ray et al. 1984; Ljungblad et al.
in press; this study). It is also possible that some feeding occurs in the
Bering Sea in winter, although there are no data on this point. However, the
large overwintering stages of copepods in deep (>200 m) waters (Smith and
Vidal 1986) may provide a substantial food resource.

Many uncertainties exist as to the sources of the food that is required
to support the metabolic and reproductive requirements of bowheads.
Essentially no information is available about the relative amounts of energy
acquired in the various areas frequented by bowhead whales.

Objectives

The goal of this component of the study is to use the natural abundances
of carbon isotopes in bowhead whales and their prey to estimate the
proportion of their energy consumption and accumulation that occurs while
they feed in the Beaufort Sea. The specific objectives were as follows:

1. Collect samples of bowhead whale tissues from the native harvest of
the animals, and determine the carbon isotope abundances through
radiocarbon dating procedures and mass spectrometry.

2. Collect typical prey items of bowhead whales--mysids, amphipods,
euphausiids and copepods--from as many sites as practical along the
annual migratory path of the bowheads, and determine the carbon
isotope abundances in these organisms. Many of these samples are
available from past collections.

3. Synthesize the acquired data to provide estimates of the primary
production required to produce observed C-14 activities and the
regional feeding required to obtain observed c-13/12 ratios.

* By Donald M. Schell, Institute of Marine Science, University of Alaska,
Fairbanks, AK 99775
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4 . Collect chlorophyll and nutrient data as supporting evidence of
upwelling and enhanced primary productivity in the study area.

Background Information on Production Processes

Parts of the Canadian Beaufort Sea may be areas of relatively high
productivity due to several environmental factors. The influx of warm water
from the Mackenzie River melts the seasonal ice cover and contributes both
nutrients and organic matter to the coastal environment. The large polynyas
which develop in the Amundsen Gulf area provide light energy to a deepened
euphotic zone that is mixed by wind in the spring when the rest of the
southern Beaufort Sea is still ice-covered. Nutrients that are normally
below the zone of wind mixing are consequently carried into the euphotic
zone, which allows increased phytoplankton production.

In the Alaskan Beaufort Sea, productivity is apparently higher near the
Canadian border and near Point Barrow than in the intervening area (Schell et
al. 1984). Near the Alaska-Canada border, the prevailing easterly winds and
the retreat of the pack ice across a narrow continental shelf provide
suitable conditions for upwelling of nutrient-rich water during late summer.
This evidence of upwelling was first described by Hufford (1974) and was
detailed by Aagaarcl  (1981). Additional evidence of upwelling in this area
has been acquired during the present study (LGL and Arctic Sciences 1985;
‘Water Masses’ section of this report). This upwelling presumably
contributes to the productivity of the region, which supports the prey
species that bowheads consume in the Eastern Alaskan Beaufort Sea. In the
western Beaufort Sea, the Bering Sea water that moves northeastward around
Point Barrow may be partly responsible for the high zooplankton stocks in
that region.

By combining past measurements of primary production, ice retreat data,
and data on nutrient availability, Schell et al. (1984) constructed contour
maps of primary productivity for the Chukchi and Beaufort seas (Fig. 73).
However, these primary productivity contours cannot be used to establish the
carrying capacity of the region for whales unless the food chains are defined
and the efficiency of energy transfer from phytoplankton  into whale ‘food’ is
known. The coupling of phytoplankton to small crustaceans such as mysids,
amphipods and copepods is probably efficient, but complete consumption of
these prey by whales is hardly likely. Instead, most prey items may be
consumed by abundant predators such as chaetognaths  and jelly fish, which are
apparently not major prey items for bowheads (Lowry and Frost 1984). Frost
and Lowry (1984) also point out that much of the biomass of small prey items
ends up as food for Arctic cod (Boreogadus saida), and that the cod can be
viewed as direct competitors for the same food resources as the whales. If
numbers of bowheads now feeding in the Beaufort Sea are lower than pre-
exploitation numbers there (see Fraker 1983), and if the cod have responded
to overharvesting of bowhead whales by increasing their standing stocks, the
carrying capacity of the region for whales may be below the superficially
apparent capability projected by the annual primary productivity. My
attempt at estimating the importance of the Beaufort Sea in bowhead
energetic must seek to avoid the assumptions inherent in estimates based
solely on present standing stocks of the biotic components.
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Carbon Isotopes and Tracers of Energy Flow

This component of the LGL/MMS bowhead feeding project seeks to use the
natural abundances of carbon isotopes in bowhead whale tissue, and in prey
organisms from various areas, as a method for determining the regions where
feeding occurs. This is a relatively new approach. It has been success-
fully applied in only a few other ecosystem studies. The method is based
on the fact that the carbon isotope content of some prey items differs
between areas as a result of differences in the primary production processes
in different areas. For example, carbon isotope ratios in the phytoplankton
within each habitat are altered by temperature and upwelling of deep water.
Carbon isotope ratios are largely conservative during transfers within a food
web, so these regional differences in isotopes should be evident in the
consumer organisms.

If the prey items from various potential feeding areas are sufficiently
different in isotopic composition, it may be possible to determine where a
consumer species acquired its prey. For example, if the isotopic composition
of whale tissue differs between spring and fall, this may indicate that
feeding occurred during the winter. Furthermore, by establishing the average
isotopic composition of prey organisms in the summering and wintering grounds
of the whales, it may be possible co use a simple mixing equation to
calculate the proportion of carbon in the whale that was derived from each
source. If successful, this approach would provide information about feeding
rates in different areas and seasons, and would reduce the need for estimates
of transfer efficiencies through the various pathways in the ecosystem food
we ,bs.

Recently acquired data on the ratio of C-13/C-12 isotope abundance in
the Beaufort Sea show that this ratio is considerably different in prey
organisms in the eastern and western parts of the Alaskan Beaufort Sea
(Dunton and Schell, in prep.). This isotopic content of prey organisms is
expected to be reflected in consumer organisms such as the bowhead. If SO,
isotope data from bowheads might be used to estimate the fraction of the
whale carbon derived from prey consumed in different areas.

Previous to this study, isotope data were available from only a few
samples of bowhead tissue (Schell et al. 1984). On average, the few whales
taken during spring migration had slightly higher concentrations of C-12 than
two whales taken at Kaktovik during fall migration, but there was overlap.
If the difference between the means was representative, the seasonal shift in
C-13/12 ratios might indicate that significant feeding occurs between fall
and spring. In addition, the C-14 content of the whales sampled showed
considerable variation. This might indicate that some whales had fed in
upwelling areas for at least part of the year; depressions in C-14 can arise
from upwelling of deep water into the euphotic  zone and incorporation of C-14
depleted carbon dioxide into phytoplankton. Depression can also arise from
chronologically older carbon being retained in the fatty tissue of whales.
Oil laid down in blubber prior the intensive nuclear weapons testing of the
mid-sixties and not metabolized would also be depleted of C-14 relative to
modern carbon.
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In order to estimate the energy sources used by bowhead whales on a
seasonal and regional basis, the isotopic composition of potential prey items
in the various possible feeding areas must be known. The main areas of
interest are the Canadian and Alaskan parts of the Beaufort Sea (with respect
to summer and autumn feeding), and the Bering and Chukchi Seas, with respect
to possible winter and spring feeding. This report provides new information
about isotopic composition of zooplankton  in the eastern Alaskan and Canadian
Beaufort Seas. The eastern Alaskan samples were collected in this project;
the Canadian Beaufort samples were collected in other projects and analyzed
as part of the present project. Additional data from Amundsen Gulf, the
Chukchi Sea, and the northern Bering Sea are needed in order to have
information about the isotopic composition of prey in all potential feeding
areas. However, the C-13/C-12 results presently available are encouraging
with respect to the potential for discriminating the locations where a
bowhead acquired its energy stores.

Allocation of energy accumulation in the Canadian Beaufort Sea vs. the
eastern Alaskan Beaufort Sea will only be possible if the zooplankton of the
Canadian Beaufort Sea are isotonically different from those of the Alaskan
coastal zone. Samples of zooplankton obtained by LGL in the Canadian
Beaufort Sea in 1985 have been analyzed as part of this project, and compared
with Alaskan results acquired during this and previous projects. Since
isotopic differences are found relative to zooplankton from the Alaskan
Beaufort Sea, it is theoretically possible to allocate regional habitat
dependencies if appropriate whale tissue samples can be obtained.

Methods

Sampling Program

Whale Tissue Samples. --Arrangements were made to acquire tissue samples
from any bowhead whale taken at Kaktovik in autumn 1985. The scarcity of
whales near Kaktovik prior to mid September (see ‘Bowheads’ section), coupled
with the locally heavy ice conditions after mid September, prevented the
whaling crews from capturing any of the animals during their passage through
that region. As a result, no new samples from Kaktovik were available for
analysis. However, blubber samples from bowheads taken at Barrow in spring
and autumn 1985 were received. These have been processed for C-14 and
C-13/C-12 stable isotope content. Additional tissue samples from whales
taken off Kaktovik in earlier autumns were sought from remnants of past kills
stored in ice cellars, but none have been obtained so far.

Invertebrate Prey Organisms and Arctic Cod.--Larval arctic cod and the
principal bowhead prey items--euphausiids, mysids, amphipods and copepods--
were collected during the zooplankton  sampling program in the eastern Alaskan
Beaufort Sea during September 1985 (see ‘Zooplankton’  section). Subsamples
have been processed for C-13/C-12 stable isotope content. In addition,
subsamples of zooplankton collected by LGL in the Canadian Beaufort Sea
during late August 1985 (Bradstreet in prep.) were also analyzed for isotopic
content during this project. These samples provide some of the necessary
comparative data for areas east of our study area. Similarly, samples
collected in the Bering Sea during other projects have been partially
analyzed to provide data needed to address the winter feeding question.
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“Nutrient and Chlorophyll Concentrations .--LGL used Niskin bottles to
collect samples of seawater from various depths at the five stations along
Transect 2 (see Fig. 28 in ‘Zooplanktonf section for station locations).
Nutrient samples were filtered and preserved in the field with 5 ppm mercuric
chloride. Chlorophyll concentrations were approximated by using a Turner
Des igns fluorometer to determine in vivo fluorescence immediately after
collection. Additional surface chlorophyll samples were collected and
analyzed by the fluorometer while the boat was enroute between stations on
all three transects. Fluorescence values were converted to approximate
chlorophyll concentrations using a regression curve established for arctic
phytoplankton populations from the Beaufort and Chukchi seas during past
cruises.

Laboratory Work

Stable Isotope Analyses.--To determine the natural abundance ratios of
C-13/12, samples containing approximately 5 mg carbon were combusted in
sealed glass tubes with copper oxide at 590°C. The resulting carbon dioxide
was cleaned cryogenically and then the carbon isotope abundances were
measured on a VG Instruments SIRA-9 mass spectrometer. The procedures are
routine; sample preparation and analysis are carried out at the University of
Alaska. Results are expressed as ‘del C-13’ values, which represent the
difference between the C-13/C-12 ratios of the sample and a standard,
expressed in parts per thousand (Schell  1983).

Radiocarbon Activity Determination. --Samples selected for measurement of
radiocarbon activity (C-14) were dried in vacuo at 80°C and sent to a
commercial laboratory for analysis. Since approximately 5 g carbon are
required for precise analysis, and costs are relatively high compared to

those for stable isotope analysis, we analyzed 11 specific samples of whale
and plankton tissue for C-14. These measurements provide information about
the amount of radiocarbon present in the whale tissue and in the prey species
that are consumed by whales.

Nutrient Analyses.--The samples collected for vertical profiles of
nutrient concentrations were analyzed for nitrate, phosphate and silicate
with a Technicon Autoanalyzer system using standard methods. The sample
locations and results are listed in Table 51.

Results and Discussion

Primary Production and Nutrients

The chlorophyll concentrations determined during this project (Fig. 74A)
indicate that the surface melt water left by the retreating ice cover, along
with freshwater inputs from the Mackenzie River over the summer months, acted
as an effective barrier to the upward movement of deeper nutrient rich
water. Only in the region nearest shore, which had the benefit of the
maximum open water period and maximum wind fetch, did the concentrations of
chlorophyll reach high levels in surface waters. As described in the ‘Water
Masses’ section, there was strong evidence of upwelling in the inshore area
during the 1985 study period. The depth of maximum chlorophyll deepened with
increasing distance offshore, reflecting the onshore movement of deep water
upwelled onto the shelf.
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Table 51. Nutrient concentrations (microgram-atoms/liter) along
Transect 2, eastern Alaskan Beaufort Sea, 7-10 September
1985.

Station a Depth (m) Nitrate-N Silicate-Si Phosphate–P

6 0
5
9

7 0
5

10
15
20
25

10

0
5

10
15
20
30
40

0
5

10
15
20
30
40
50

0
5

10
15
20
30
40
50

100
150
175

0.0
0.0
2.7

0.0
0.0
0.0
0.0
1.2
1.8

0.0
0.0
0.0
1.3
0 . 0
3 .8
4 .9

0 . 2
0 .0
0 .0
0 .0
0 .1
0 . 0
5 .6
6 .3

0.1
0.0
0.0
0.0
0.0
0.0
1.9
2.7

10.6
13.2
14.6

3.0
2 .8
2.5

4.4
3.3
4.1
5.5
8.0
8.7

6.3
5.8
3.5
4.7
4.5

12.6
14.8

9*1
8.2
4 .8
5.2
5 .0
4 .5

14.7
17.8

9.6
8 . 4
4.3
4 . 4
4 . 0
5 .0
8 .0

15.9
23.0
29.1
29.5

0.78
0.83
0.81

0.80
0.88
0.95
1.06
1.23
1.21

0.65
0.73
0.98
1.01
1.07
1.30
1.46

0.48
0.58
O*86
0.86
0.92
0.95
1.41
1.57

0.38
0047
0.69
0.74
0.86
0093
1.13
1.46
1.79
1.96
2.01

a See Figure 28 in ‘Zooplankton’ section for station locations.
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F~gure 74. Chlorophyll ~ concentrations (mg/m3) in the Eastern
Alaskan Beaufort Sea. (A) Values along our Transect 2,
September 1985. (B) Values along a north-south
transect off Demarcation Bay (141”21’W)  in August 1977
(data from Homer 1981).
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The nicra~e concentrations along Transect 2 in September 1985 (Table 51,
Fig. 75) also support the hypothesis that nutrients were transported across
the shelf into areas of upwelling in the coastal zone. Chlorophyll and
nitrate concentrations were both highest near the coast.

Similar patterns have been observed in the eastern Alaskan Beaufort Sea
in previous years (LGL and Arctic Sciences 1985). Hufford (1974) reported a
similar situation to that in 1985, and a synthesis of the work of Homer
(1981) reveals a very similar pattern (Fig. 74B). Thus, the same general
nutrient/productivity regime has been observed during several years at the
same season of the year. This fact indicates that upwelling  and subsequent
enhanced primary production are typical of this area. In years with
exceptionally heavy ice cover or anomalous wind regimes, it is conceivable
that onshore transport of deep water is greatly reduced and that primary
production in the eastern Alaskan Beaufort Sea is much less than ‘normal’.

If the concentrations of nitrate are typically about 10 micromolar when
upwelled onto the shelf, and if the nitrogen is fully incorporated once in
the euphotic zone, the corresponding carbon fixation would be approximately
25 g C/mz in a 30 m euphotic zone. If a single recycling of the nitrogen
occurs during the late summer season, the carbon fixation may be double this
amount. Sambrotto (1984) estimated that the nitrogen in the euphotic zone of
the Bering Sea turns over about 2.5 times during the production season. It
is reasonable to assume that a significant amount of recycling also occurs in
the Eastern Alaskan Beaufort Sea. However, the shorter ice-free season and
restricted mixing in the Beaufort Sea probably limit recycling to less than
that in more temperate waters. Primary productivity measurements for this
region suggest that nitrogen is recycled approximately once per summer
following initial uptake by phytoplankton populations. Unfortunately, very
few seasonal data are available on productivity in rhe eastern Alaskan
Beaufort Sea, and none are available for offshore portions of the Canadian
Beaufort Sea.

Carbon Isotope Results

Isotope Content of Zooplankton. --The stable carbon isotope data obtained
in the Beaufort Sea during this study are shown in Tables 52 and 53. These
data, along with those acquired farther west by Dunton and Schell (in prep.),
show that there are marked depletions in C-13 in consumer organisms collected
in the eastern Alaskan Beaufort Sea relative to those in the western Beaufort
(Fig, 76), Isotopic abundances in the eastern Beaufort Sea are even more
different from those in the Bering and Chukchi Sea (Fig. 77). Although we do
not yet have data on isotopic composition of zooplankton from the specific
parts of the Bering Sea where bowheads winter, the available data suggest
that zooplankton from the winter and summer ranges are quite distinct in
isotopic composition (Fig. 77).

Our data from the Canadian Beaufort Sea indicate that there may be
size-related differences in carbon-13 content of zooplankters  (Fig. 78).
Small copepods apparently had a lower C-13 content than large copepods.
Euphausiids, in turn, had a higher apparent C-13 content than copepods.
The relative amounts of lipid in different sizes and types of animals may
affect the apparent C-13 content since del C-13 values are lower in lipid
than in muscle tissue. Euphausiids may have had more C-13 because they are
larger or because they are predators. Predators generally contain a higher
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Figure 75. Nitrate concentrations (mg-atoms/m3)  along Transect 2,
Eastern Alaskan Beaufort Sea, September 1985.
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TabLs 52. (hrton isotop data for zooplankton collected in tte eastern ALaskan Eeaufort
Septemker 1985.
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W durirg

I!ate Standard
%mple Statio@ ( 1985) del C-13 deviat ionb

kill CO~@ <1.8 mm
,,
,,
!!

Large copepds >1.8 m
!,
,,

‘dypxiid aphipds
,,
,,

Wphausiids
,,

Mysids
,,

Crangon larvae
!!

Cd  larvae

&nmrid SUIPhipOdS

_ite Zi30plankton!,

Transect 2, Station 8
Tranaect  2, Station 8
Transect 2, Station 7
Transect 4, Station 11

Transect 2, Station 8
Itarsect  1, Station 5
Transect 2, Station 7

Transect 1, Station 5
Transect 2, Station 7
Transect 2, Station 8

Transect 2, Station 8
T@nsect 4, Station 11

Transect 4, Station 11
Transect 4, Station 11

Transect 2, Station 8
Tkansect  1, Station 3

Tka=ect 2, Station 7

Tkam3ect  1, Station 2

T r a n s e c t  2
Tkamect 1

-26.046
-26.188
-25.756
-27.234

-24.659
-25.380
-26.028

-27.051
-26.873
-25.814

-19.671
-23.576

-22.364
-24.045

-24.11
-24.647

-26.617

-22.989

del C-13

* ().()15
0.015
0.019
0.038

0.024
0.017
0.023

0.051
0.018
0.06

(low gas pressure)
0.074

0.0C6
0.013

0.012
0.013

0.039

0.012

C-14 (% Ebdem)
Wan * s.d.

-27.06
-26.77

101.5 * 0.9
98.2 * 0.9

Reference gas standard (C-13) -12.630 & 0.018
-12.729 * 0.024
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Table 53. Carbon isotope data for zooplankton collected in the western
Canadian Beaufort Sea during August 1985. Samples were collected
by M. Bradstreet, LGL Ltd., and analyzed during the present
project.

Standarda
Sample del C-13 Deviation

Copepods, <1.8 mm
,, ,,
,, 1.8-4 mm
0, ,,
,, ,,
,, >4 mm

Mysi~s, >15 mm
<15 mm

Euphausiids, >20 mm
,,

<20 mm,, !,

Parathemisto,  >15 mm

Cod larvae

Composite Zooplankton
,,

-27.669
-27.445
-26.561
-26.642
-26 .479
-25.662

-26.609
-28.810

-23.788
-24.162
-25.105

-26.285

-28.330

* 0.020
* 0.020
* 0.054
* 0.020
* 0.012
* 0.007

* 0.037
* 0“.020

* 0.011
& 0.067
* 0.017

~ 0.024

* 0.022

C-14 (% Modern)
Del C-13 Mean * s.d.

-29 .40 101.3  A o.8
-25.32 ‘ 100.0 A 0.8

a Mean * s.d. of 6 replicate readings on each sample.

proportion of C-13 than their prey (Fry et al. 1984; Dunton and Schell, in
prep.). Small mysids in the Canadian Beaufort Sea had a lower C-13 content
than small copepods, and lower C-13 content than the larger mysids (Fig.
78). Mysids had a much lower C-13 content than euphausiids of similar size.
Material of terrigenous origin is lower in C-13 content than marine
phytoplanicton (del C-13 = -28 to -29 vs. -22 to -23; Dunton 1985; Schell
1983) . The low C-13 content of copepods and mysids in the Canadian Beaufort
Sea indicates that they could have been feeding on material of terrigenous
origin or on phytoplankton  produced in C-13 depleted upwelled water.
Upwelling and water of Mackenzie River origin are common along the Yukon
coast where these samples were collected (see ‘Integration’).

Our data from the eastern Alaskan Beaufort Sea also provided evidence
that the C-13 content of copepods was greater for large than for small
copepods (Fig. 79). Copepods from our study area contained slightly higher
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proportions of C-13 than copepods of corresponding size from the Canadian

Beaufort, consistent with the general trend evident in Figures 76 and 77.

The geographic differential for mysids was much greater. Mysids from the

Kaktovik area contained a much higher proportion of C-13 than did mysids from

the Canadian 13eaufort Sea. C-13 content of mysids in the Kaktovik area was
similar to that of euphausiids, in contrast to the situation in the Canadian

Beaufort Sea (Fig. 79).

In general, the results of this study show that the previously-noted
trend for decreasing C-13 content of zooplankton from west to east within the
Alaskan Beaufort Sea extends farther east, through the eastern Alaskan
Beaufort and into the Canadian Beaufort. Furthermore, copepods, mysids and
euphausiids from the Canadian Beaufort Sea contained lower C-13
concentrations than those from the eastern Alaskan Beaufort Sea. The trend
for decreasing C-13 content in zooplankton from west to east across the
Beaufort Sea has become more apparent through the addition of our data for
eastern areas. The new data also show that some of the between-sample
variation in C-13 content within one geographic area is related to size of
organisms.

The reasons for the depletion of C-13 in zooplankton from the eastern
Beaufort are not certain. However, the depletion probably arises from the
fact that the eastern Alaskan Beaufort Sea is strongly affected by (a)
upwelling of C-13 depleted deep water, and (b) inputs of C-13 depleted
terrestrial organic matter from the Mackenzie River. Photosynthesis results
in a depletion of about 20-25 ppt in the C-13 content of phytoplankton. The
sinking and oxidation of this organic matter at the sharp pycnocline at the
bottom of the surface layer result in a depression in the C-13 content of the
bicarbonate pool. Subsequent upwelling of this water, which also contains
the nutrients regenerated in situ, results in rapid phytoplankton growth
before equilibration can occur with the atmosphere. The depletion in C-13
during this photosynthesis is presumably enhanced because the upwelled
bicarbonate is already partially depleted of C-13.

Whatever the exact reason for the low C-13 content of prey items in the
eastern Beaufort Sea, this pronounced difference in C-13 content is passed on
to higher trophic levels in the food chains. The depression of C-13 content
is evident in chaetognaths,  a secondary consumer of the region (Fig. 76).
Each trophic level causes a metabolic enrichment of heavy carbon isotopes, so
the absolute measurements offer only limited information. However, the key
point is that chaetognaths  and other predators contain a higher proportion of
C-13 than their prey. Enrichment increases with trophic level (Table 54, Fry
et al. 1984).

Isotope Content of Bowhead Whales.--Stomachs of some bowhead whales
taken at Kaktovik contained mainly copepods, whereas others contain mainly
euphausiids (Lowry and Frost 1984). It is not known whether these results
represent consistent differences in the preferred prey of particular whales,
or opportunistic feeding on the most abundant prey type available at the
location and time when the whale was taken. The latter seems more likely.
If the prey items changed from primarily copepods to largely carnivorous
zooplankton (predatory euphausiids, amphipods, or chaetognaths), a change in
the isotopic composition of whale tissue could arise independent of
geographical isotopic shifts. However, in summer the average biomass of
herbivores is much greater than that of predators, and we would not expect a
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Table 54. Carbon-13 concentrations (del C-13, ppt) in zooplankton and
vertebrates from the Alaskan Beaufort Sea.

del C-13,
Mean s.d. (n) Source

Copepods -24.2 + ().4 (13) Dunton (1985)
Chaetognaths -22.2* 1.4 (13)

,,

Arctic cod -21.3+ 0.4 (5) Schellet al. (1984)
Ringed Seal Muscle -17.0 (1)

,,
,* Oil -22.7 (1)

,,

Bearded Seal Muscle -18.1 (1)
,,

major change in the relative composition of prey during the late summer
period. Thus, we would expect the geographic differences in isotopic
composition of zooplankton from different parts of the Beaufort Sea (Fig. 76)
to be reflected in the tissue of
Beaufort Sea.

In the southern Bering Sea,
predators (D. Thomson, LGL Ltd.,
the bowhead wintering grounds in

bowheads that feed in different parts of the

the mid winter zooplankton is dominated by
in prep.). If a similar situation occurs on
the northwest Bering Sea, then the mean C-13

content might be greater in any food consumed during winter than in the
summer diet, independent of any geographic effect. Since the herbivorous
zooplankton from the Bering Sea contain proportionally more C-13 than those
of the Beaufort Sea (Fig. 77), the possible consumption of a higher
proportion of predatory zooplankton in winter would be expected to further
enrich the C-13 content of the winter diet in the Bering Sea relative to the
summer diet in the Beaufort Sea. Consequently, if bowheads feed in winter,
the C-13 content of their tissue is expected to be higher in spring than in
autumn.

During the present project, blubber samples were acquired and analyzed
from bowheads harvested in the spring (n = 1) and autumn (n = 1) of 1985 at
Barrow (see Methods). No muscle tissue from these whales was made available
to us. Results from these two whales, along with previous data from Schell
et al. (1984), are given in Table 55. As expected, bowhead muscle contained
a higher proportion of C-13 than did the blubber (Table 55). Lipids normally
possess lower C-13:C-12 ratios than protein or carbohydrate (McConnaughey and
McRoy 1979). Hence, muscle and blubber samples must be considered
separately.

There was no apparent seasonal difference in the isotopic composition of
either muscle or blubber (Table 55). Mean del C-13 concentrations in muscle
tissue were -18.44 O/oo in spring (n = 2) and -18.83 O/oo in fall (n = 2);
the overall mean was -18.6 O/oo. Corresponding values for blubber were
-24.20 in spring (n = 4), -24.83 in fall (n = 3), and -24.47 overall. Thes e
differences between mean C-13 concentrations in spring and fall are very
small relative to differences in C-13 content of zooplankton in the Bering
and Beaufort Seas (Fig. 77). Within-season variation between individual
whales was also large relative to between-season differences (Table 55).
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Table 55. stable isotope ad radiomrbm content of towkad whale  tissue.

del C-13, O/oo C-14, % Mxlern

Mxscle Blubber Nhscle Blublx?r

spring Migrants

Male, Earrow, 30 May 1981 -8.7 ma
Femle, Wainwright, 18
Fen-ale, WinWright, 27

8arrcw, Spring

Nkanim

Fall M@anta

Male, Kaktovik,  8 Sept

kkly 1981- 17.7 ma
I@ 1981- 16.5 ma
1985b

1 9 8 1 - 14.0 ma
Finale, Kak.tovik, 22 S@ 1981- 16.1 ma

BarrOW,  Fall 1985b

M?an*sD

ALl Man t s.d. (n)

-18.92 -21.00 101.8 102.8
-25.53 93.1

–17.95 -24 .9Q 102.2 105.3
-25.36 102.9

-18.44 t 0.69 -24.20 t 2.15 102.0 t 0.3 101.0 * 5.4

-18.65 -25.20 102.7 104.9
-19.01 -21.37 103.5 98.2

— -27.91 103.5

–18.83 k 0.25 -24.83 t 3.29 103.1 f 0.6 102.2 * 3.5

-18.63 * 0.48 (4) -24.47 * 2.45 (7) 102.6 i 0.7 101*5 f 4.4

a ~ta from *tell et al. (1984).
b Lkta from this study.

m
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Sample sizes were low, but within-season variability appeared to be greater
for blubber than for muscle. In general, these very limited stable isotope
data available from bowheads show no evidence of change in isotopic
composition of bowhead blubber or muse le between fall and spring.
Measurements from additional whales are needed to corroborate this.

It is also noteworthy that the C-13 content of bowheads is similar to
that of post-larval arctic cod taken in the Beaufort Sea. Arctic cod and
bowheads both consume zooplankton. A bowhead is about 40% blubber and 47%
muscle and viscera by weight (see ‘Energetic of Bowheads’ section). A
weighted average del C-13 value for bowheads would be about -21.3%. This
value is the same as the del C-13 values for arctic cod from the Beaufort
Sea; planktivorous fish from the Bering Sea contain higher proportions of
C-13 (Table 56).

Radiocarbon Data

Atmospheric C-14 is currently 122% of the 1950 standard activity or 122%
modern. This increase is due to fallout from nuclear weapons testing.
Previous data on C-14 content of organisms from nearshore waters of the
Alaskan Beaufort Sea are given by Schell  (1983).

The C-14 content of upwelled water is lower than that of water that has
equilibrated with the atmosphere, because deep water is older and has not
been in contact with the atmosphere for some time. Phytoplankton in upwelled
water, and food chains based on such phytoplankton, would have lower C-14
content than food chains based on phytoplankton produced in waters that were
equilibrated with the atmosphere. A low C-14 content in whale tissue would
indicate that whales had been feeding in upwelling  areas.

Bowhead whale tissues had a low C-14 content (93-105% modern, Table
55). The zooplankton from our study area also had a C-14 content of about
100% modern (Tables 52 and 53). Interpretation of these data, at least for
the larger and older whales , may be confounded by the possibility that some
‘of the carbon content represents growth prior to the mid-1960’s (Schell in
prep. ). If so, old whales would be expected to have a lower C-14 content
than young whales because some of their tissues would have been formed prior
to the increase in oceanic C-14 levels that resulted from nuclear weapons
testing. In the smaller and younger whales, tissues were formed during the
last decade when C-14 values were presumably stable. At present, the number
of bowheads that have been analyzed for radiocarbon content is too low to
warrant further interpretation.

Conclusions

Data acquired in this study confirmed that the marine ecosystem of the
eastern Alaskan and western Canadian Beaufort Sea is characterized by a fauna
that is depleted in C-13 relative to the western Beaufort, Chukchi and Bering
Seas. The cause of this depletion is unknown, but it may arise from the
recycling of carbon in the upwelled water in the Barter Island and Yukon
coast region, along with input of material that is depleted in C-13 from the
Mackenzie River. The isotopic differences apparent in the zooplankton
provide a natural marker that appears to be suitable for directly measuring
the geographic sources of the energy acquired by bowhead whales and other
animals at higher trophic levels.
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Table 56. Carbon-13 concentrations (mean del C-13, O/oo f s.d. ) from zooplankton and fish from tlw Beaufort Sea and Bering Sea.

Canadian B2aufort Present Study Kaktovik to Eastern Nbrth
sea Area Barrow F!ering  Sea Aleutian Sklf

Cbpepods -26.7  k0.7 (6) -~e9 ~ 008 (7) -24.2 + 0.6 (13) –22.2 * 0.8 (4) 23.0 t 0.9 (6)
Eqhausiids -24.4 f 0.7 (3) -23.6 (1) -19.7 -19.3 (1)
Hypriids -26.3 (1) -26.6 f 0.7 (3) -19.4
Cketognaths -22.2 f 1.4 ( 13)
kkmine  fish ( Planktivores)a -21.3 t 0.4 (3) -20.3 -19.7 (2)

References This study This study hnton ( 1985), Himrlaugky Schell (in prep. )
Well et al. (1984) and k~y (1979)
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The C-13 content of bowhead blubber and muscle does not appear to be
much different in fall and spring, based on the small samples available to
date. The C-13 content in both seasons appears to be consistent with the
hypothesis that bowheads acquire most of their food in the Beaufort Sea, and
do not feed extensively in winter. However, a small amount of food might be
consumed in winter and used primarily for maintenance. If so, little or no
new muscle or blubber might be formed and this limited winter feeding might
have little effect on isotopic composition of these tissues. With a larger
sample size, it may be possible to estimate the proportion of the bowhead
diet that is acquired in winter.

More information on isotope content of bowhead tissues in spring may be
forthcoming based on tissue samples of several whales taken in the spring of
1986. Thus, with respect to the question of winter feeding, the major data
requirement at this time is for additional tissue samples from bowheads
harvested in autumn. It will also be important to acquire and analyze
zooplankton  samples from parts of the bowhead range where isotopic data are
currently lacking or scarce--the northwest Bering Sea (winter range of
bowheads), the Chukchi Sea (spring and possible fall feeding), and the
easternmost part of the Beaufort Sea and Amundsen Gulf (part of summer
range ).

It is possible that isotope studies will be able to address a
considerably wider variety of questions about bowhead biology than was
envisaged when this project began. Recent isotopic analyses of bowhead
baleen indicate that isotope content varies in a cyclical way along the
length of the baleen (Schell in prep.). This variation is hypothesized to
represent changes in isotopic composition of the diet at the times and places
where different parts of the baleen were laid down. If SO, the baleen may
provide time-series data on diet over much of the lifetime of the whale. By
comparing isotope ratios at different places along the baleen with ratios in
zooplankton from different regions, it may be possible to identify where the
whale was feeding at different times in the past. The cyclical nature of the
isotope ratios along the length of the baleen may also provide information
about the age of the whale. If these possibilities can be confirmed, future
analyses of isotope data from zooplankton and whale tissue, including baleen,
should be helpful in examining numerous questions about bowhead whales.



——— ——— ——— -——— ——— ————— —

Table 1. Eiamss  (UI@) of Ckdl%wu zmpldcton species fn each -le.

COpeplis Hydrozcam and Ctenoplmw

stat icm *1. C&IU5
race

Wmxdkws LErjugti Bdwem
Transect Station

—  —
tepch Epth

Hditldus  A@nck Nkwws  :
h&”rE’Ls  glacialis glacialis~— ~—  — digitale own ‘-

850934
8X?X34
850%)5
852905
850W5
8YY305
8543$35
8X?305
85!X6
8X9CE5
85C9C6
8Y?905
850907
8EiXX17
850XJ7
850207
850937
8EQX13
854Xill
8WX13
850910
8XB1O
85C918
8m18
850918
8W18
85$918
85CQ18
8m18
850918
850318

Cbl@Le  Trms

85UXM
850905
850935
8XEUJ5
85i?KX
8!0?07
8X907
81?3Ci3
85c910
8X9 18
856918
8X918

1
1
1
1
1
1
1
i
1
1
1
1
2
2
2
2
2
2
2
2
2
2
6
b
4
4
4
4

4
4
4

1
1
1
1
1
2
2
2
2
4
4
4

1
I
2
3
3
3
3
3
b
4
5
5
7
7
8
8
8
9
9
9
10
10
11
11
11
12
12
12
13
13
13

1
2
3
4
5
7
8
9
10
11
12
13

13
13
23
45
45
45
45
45

125
125
89
80
25
25
42
42
42
56
%
56

185
185

14
14
14
25
25
25
40
40
40

13
28
45

125
en
25
42
56

185
14
25
40

1
10
14
25
8

22
15

0.5
33
5
5

55
5

16
18
6

12
9
19
32
18
so

10.5
0.5

8
5

20
12
m
5
12

10
25
35
m
53
22
39
m
103
10
20
35

19.8
148.4
170.3
639.3
863.8
84.7
95.9
0.4

119.1
0.7
1.9

77.3
8.7

182.1
81.9

1.8
122.6

0.2
160.5
43.7
71.8
18.9
67.9
13.1
56.7
5.7

355.6
45.6
26.8

1.1
1.1

83.4
93.5

134.8
65.5
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7.4

55.8
75.1
1.5

123.2
0.0
25.2
9.1
12.7
9.2
13.9
0.5

71.1
2.6

125.4
9.7
19.4
0.0
0.1

11.8
23.1
54.4
14.4
14.6
28.6
40.2
19.1
18.8
37.5
17.9
0.3

82.9
66.4
32.2
2.4
1.6
0.5
0.1
0.7
0.0
0.0
0.0
0.0

28.6
3.3
4.0
2.5
3.7
0.0
3.9
0.8
0.1
0.0

160.7
0.7
75.7
0.5

163.7
286.2

0.5
1.0
0.0

195.3
27.1
0.4
0.0
0.1
9.9
0.9
0.7
0.0

102.7
94.2
0.5

3.0
83.6
4.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
8.5
0.0
3.9
2.8

15.1
34.2
0.0
1.0
0.0

M13 .0
0.6
0.0
0.0
0.0

12.5
0.2
0.0
0.0
8.3
9.6
0.0

1,4
0.0
1.0

17.8
0.0
7.9
6.9
0.1

10.4
0.1
0.7

21.2
0.6

12.7
12.2
0.0
0.4
0.0

12.1
9.2

13.5
5.5
8.1
0.0
0.0
0.0
0.0
0.0
2.1
0.0
0.7

0.0
3.7
9.2
15.7
8.2
1.1
0.2
6.8
12.8
2.3
0.0
0.5

0.0
1.8
3.4
2.1
0.0
5.4
1.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.8
0.3
0.0
0.0
0.0
0.0
0.0
0.0
4.9
0.0
0.3
21.4
3.1
0.8
0.0
5.1

11.9
0.0
7.6
0.0
1.1
0.0
0.0
0.5
0.0
14.7
8.2
0.0

0.2
9.6
4.3
33.3
3.3
8.7
3.6
0.2
2.3
0.0
0.0
19.8
12.5
1.8

25.5
1.9

18.3
11.2
30.9
19.9
15.2
4.2
13.0
1.9
8.3
0.7
5.0
0.0
1.4
0.0
0.0

10.4
0.2
30.3
4.2
7.7
9.6
18.8
27.1
4.5
4.3
2.4
1.0

0.0
22.9

7.5
35.9
0.9
2.3

15.4
0.0
9.9
0.0
0.4

12.2
0.0
2.7
0.6
4.0
1.8
0.8
0.0
0.0
2.1
1.5
0.8
0.0
0.0
0.0
1.0
2.2
0.0
1.0
0.0

1.2
1.5

15.6
8.9
0.1
5.0

13.7
1.0

10.2
0.1
0.1
0.0

g

og
cw
W

w

w

Omcimed.



Table 1. @ddcd

c-iaetOgMttB !’iysids Dlpblsiids PcerO@S w- Fish
— .

.%aticn smple .%gitca Mysi.s  mysaws. Spiratd.k
rate TIan5ect Station Cepch Lkpth degas

Parath?mi.sto m?x?cgails
2iFZiZ raschfi Wcina Litellula sa.ida TOCala— —  . ——

Fbd2mtama

855W
8S3304
8YY3Q5
85Q3135
85CW5
8W305
853’435
8$3305
8X&?5
8W3115
85cEQ5
8=
850’X37
8XB07
85CWI
85307
850907
85@09
850W
8WX8
85C91O
8X91O
8543918
859318
8543918
8X918
85@18
85’3318
85cB 18
851Y318
857318

- -

850934
853305
850935
8X%6
85CW6
8YW07
850!337
85&3C@
85CY?I0
850?18
850918
8%318

1
1
i
1
1
1
1
1
1
1
6
1
2
2
2
2
2
2
2
2
2
2
4
4
4
4
4
4
4
4
4

1
1
1
1
1
2
2
2
2
4
4
4

1
1
2
3
3
3
3
3
4
4
5
5
7
7
8
8
8
9
9
9

10
10
11
11
11
12
12
12
13
13
13

1
2
3
4
5
7
8
9

10
11
12
13

13
13
B
45
45
bs
45
45

125
125
53
83
25
25
42
42
42
%
%
56

185
185

14
14
14
25
25
25
40
40
40

13
28
&5

125
w
25
42
%

185
14
25
40

1
10
14
25
8
22
15

0.5
30
5
5

55
5
16
18
6

12
9
19
32
18
93

10.5
0.5
8
5

273
12
30
5
12

10
25
35
80
so
22
39
50
lCQ
10
20
35

0.2
7.2
8.7
15.8
2.9
4.2
5.1
0.0
4.5
i .4
0.2
3.8
1.1
8.9
7.7

1}.2
20.0
0.6
10.7
6.2
5.8
3.2
8.2
1.2
6.2
0.0
7.6
5.4
1.6
0.0
0.0

8.8
0.9
6.6
4.4
2.1
5.9
11.6
4.3
2.1
4.3
2.3
0.1

0.0
7.2
6.8
0.0
0.0
0.0
0.0
0.0
0.0

z
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

86.8
0.0
5.9
0.0
9.2
0.5
0.0
0.0
0.0

17.7
0.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
27.7
0.0
0.0

0.2
55.8
3.5
5.7
0.0
0.4
0.0
0.0
0.0
0.0
0.0
0.2
0.0
14.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
12.4
0.0
49.2
0.0
0.1
0.5
1.5
0.0
0.0

19.8
0.0
2.3
0.0
0.0
5.7
1.1
Q. 1
0.1
39.2
0.1
0.0

0.2
0.7
2.1

15.6
2.3
2.4
4.1
0.1
0.4
0.2
0.6
0.2
1.4
i .4
1.5
5.2
2.7
1.5

17.1
6.4
1.0
0.2

14.7
1.0
7.7
3.3
3.7
1.7

2.4
0.0

10.5

0.3
0.3
3.2
0.2
2.0
2.4
0.7
2.7
0.0
4.9
2.1
3.2

0.0
0.1
1.0

15.1
6.8
2.8
2.5
0.0
2.3
1.1
1.2
1.2
1.0

14.8
3.9
5.0
0.4
9.2
9.5
3.5
1.6
1.0
0.1
0.0
0.5
0.0
1.7
0.2
4.7
0.0
8.4

0.0
0.4
3.8
0.9
1.5
2.5
2.8
3.5
0.8
0.3
0.0
7.6

0.0
0.3
0.1
1.4
3.7
0.5
1.1
0.6
0.0
0.1
0.3
0.1
8.2
1.5
0.2
5.3
2.6
3.9
2.4
0.3
2.s
0.5
0.6
0.0
0.9
4.2
3.8
8.5
9.9
&.5
6.2

3.3
0.1
1.9
0.0
0.0
1.4
0.4
0.3
1.4
1.0
7.7

15.9

130.6
463.4
345.0

1038.7
924.9
170.6
189.1

4.0
174.0
11.5
16.7

L72 .0
74.9

3 % 2
230.4
?8.7

336.2
%.0

278.6
104.6
140.0
46.0

419.4
44.2

3G9.8
33.2

76o.6
414.1

82.1
16.9
42.3

486.5
162.3
284.8
123.5
79.6

183.6
204.9
232.7
119.2
331.0
254.0
45.9

H’
Ld

v
●
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Table 2. 8icm9ss (~lm3)  of each major zwplanktm  grmp in each sanple.

Stacicm Smple Hydrozmns &
Oace Transect St~iOn Cepth tepch CqqxxIs Cteraptmes Ulaetqglaths M@& Euphasiids FTeropxis ADphfpcds Fish octEl- mcal  a

8509.%
85!7204
850’3’35
8SY205
850935
850305
850935
8!0305
85G905
8X9%
8Y3Wf
8%9%
850907
8W07
8W907
8WI07
850927
85WJ9
8X3$X
85??03
8W31O
8W21O
850918
85@1i3
850918
850318
850918
853918
850918
853318
823918

w-

85G?IX
8%905
850905
85C?X6
850’%
85’3207
85@X17
8mm
850910
85#318
85091.4
8%918

1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
h
4
4
4
4
4
4
4
b

1
1
1
1
1
2
2
2
2
4
4
4

1
I
2
3
3
3
3
3
4
4
5
5
7
7
8
8
8
9
9
9

10
10
11
11
11
12
12

12
13
13
13

1
2
3
4
5
?
8
9

10
11
12
13

L3
13
28
45
45
45
45
45

125
125
m
w
25
25
42
42
42
56
%
%

185
185

14
14
14
25
25
25
40
40
40

13
28
45

125
83
25
42
%

185
14
25
40

10

14
8

0.5
25
15
22
5
m
5

55
5

16
6
12
18
32
19
9

18
90
8

0.5
10.5

5
20
12
33
12
5

10
25
35
80
53
22
39
Y3
Irn
10
20
35

%4.5
116.8
290.7
&36.2

2.1
932.6
145.2
124.1

7.3
l&4 .2

4.9
122.6
45.3

254.0
5.8

250.0
173.2
62.9

201.7
0.2

99.3
33.6

2&3  .6
14.4

262.0
11.9

681.6
376.4
48.9

2.1
1.7

403.6
153.3
199.6
98.4
51.3

134.7
144.3
166.5
94.2

TJ4.6
214.5

4.2

34.3
7.3

15.6
6.7
0.2

72.3
20.9
25.5
1.0

15.2
6.9

32.5
12.5
5.1
7.1

23.9
34.8
21.9
32.6
2il.6
22.3
5.9

13.6
22.9
18.2
3.5

37.3
10.4
4.2
6.1
6.5

25.4
1.9

53.9
13.4
14.9
22.7
32.6
28.7
14.7
2’2.8
13.6
2.8

8.4
0.2
“9.5
2.9
0.0

16.8
6.3
4.6
1.5
6.6
1.2
8.7
1.1

8.9
11.2
2!3.0
7.7
6.4

11.1
0.6
10.0
3.9
6.9
4.0
9.1
2.5
7.8

5.8
1.6
0.1
0.0

9.5
1.2
8.4
7.0
4.2
6.0

13.0
4.7
6.0
7.8
2.5
0.1

7.2
0.0
6.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
5.9
0.0

86.8
0.0

10.1
0.s
0.1
0.0
0.0

17.7
0.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0

27.7
6.0
0.0

5$.4
0.2
4.0
0.0
0.0

14.9
0.0
2.1
0.0
0.0
0.0
0.8
0.0

19.2
0.0
0.1
0.1
0.0
0.0
0.0
0.0
0.1

52.1
0.0

15.2
0.0
5.4

0.5
2.6
0.0
0.0

21.3
0.0
5.8
0.0
0.0
6.6
3.2
0.1
0.9

45.1
1.5
0.0

0.7
0.1
2.1
2.3
0.1
15.6
4.1
2.4
0.2
0.4
0.6
0.2
1.4
1.4
5.2
2.7
1.5
6.4
17.1
1.5
1.0
0.2
7.7
1.0

14.7
3.3
3.7
1.7
2.4

10.5
0.0

0.3
0.3
3.2
0.2
2.0
2.4
0.7
2.7
0.0
4.9
2.1
3.2

4.7
1.9
9.4

10.1
0.1

23.6
4.6
7.3
1.1
2.7
1.2
1.9
3.9

18.5
5.9
4.1
7.9
4.9

10.7
9.5
2.6
1.3
5.1
0.9
3.5
0.6
5.0
3.0
5.2
8.8
0.4

1.5
2.7
6.9
1.8
2.1
4.5
7.1
5.6
1.1
2.2
2.7
8.0

0.8
0.0
1.3
5.7
0.6
1.4
1.7
1.1
0.1
0.5
0.3
0.1
8.2
1.5
5.3
2.6
0.2
0.7
2.4
5.4
2.5
0.6
4.1
0.0
7.4
9.1
6.4

12.4
12.4
6.2
4.5

4.9
0.1
1.9
0.0
0.0
1.4
0.6
0.3
1.4

12.1
8.2

Is .9

4.4
4.1
5.6

11.0
0.9

21.5
6.3
3.5
0.3
4.4
1.6
5.2
2.5

11.6
18.2
2.8
5.0
1.4
3.0
0.2
2.3
0.4
5.8
1.0
2.5
2.3
3.3

3A
4.7

10.6
3.8

2.3
2.3
5.1
2.7
5.1
5.3
3.4
1.1
0.9
3.8
2.9

11.7

463.4
133.6
345.0
924.9

4.0
IG98.7

189.1
170.6
11.5

174.0
16.7

172.0
74.9

3ZI.2
58.7

X%.2
230.4
104.6
278.6
?8.0

140.0
46.0

3G9.8
44.2

419.4
33.2

760.6
414,1
82.1
42.3
16.9

486.5
162.3
284.8
123.5
79.6

183.6
204.9
203.7
119.2
331.0
754.0
45.9

—

a Total  category  i n c l u d e .  .11 Ero.  p.  and lother. * category  but  not  detrit.. .

w

-a
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Table 3. Biauaas  (ug/m3) of dcminant rcoplankton  apetiffi  in various wster  masses.

Nearstme Inner shelf
(Station 1)

titer SW Transect 4
(St~~~ 2, 3, 7, 8) (stations 4, 5, 9, 10) (Stations  11, 12, 13)

—— — _ .
7 Min&n ? lank n T ~~ I@xn K Min tin

Ca.lanua hyprtmeus

Move Pyamdine
Eel.ow -  D is t inct  B@

E!e.lcw  - No @sttict  Ed

Water Column

Cilanus  @acial.is

Ab.3ve  Pyuloclin?

Eelw  -  D i s t i n c t  L?.srd

I@loW - NO D i s t i n c t  Bard

Water  blwm

I&ulOCShlus  @Elctunls

19.&3
148.40

83.40

19.8
148.4

83.4

19.8
148.4

83.4

1
1
0
1

3.63
380.36
129.60
103.05

3.23
81.14
82.17
37.83

10.60
2.36

12.CO
9.58

0.00
O.m
1.43
3.33

0.23
10.12
2.77
3.55

0.4
81.9
95.9
81.4

0.8
20.8
41.9
28.1

0.7
. 0 . 5

0.1
0.4

0.0
0.0
0.0
0.0

0.0
0.0
0.4
0.2

8.7 3
863.8 5
170.3 3
134.8 4

1.33
103.20
45.47
72.73

4.40
18.43
8.12
16.72

0.03
1.33
0.20
0.20

0.CX3
O.co
O.(X3
0.03

0.40
15.60
6.27

10.87

0.7
71.8
0.2

28.3

2.3
12.7
0.0

14.4

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.1
12.1
0.0
6.8

1.9 2
160.5 3
119.1 4
136.1 4

6.5 2
25.2 3
14.2 4
19.1 4

0.0 2
3.9 3
0.8 4
0.7 4

0.0 2
0.0 3
0.0 4
0.0 4

0.7 2
21.2 3
10.4 4
15.7 4

6.63
107.38
26.W
47.47

1.03
44.04
19.40
18.57

0.73
137.26

0.9
65.80

1.27
12.34
0.03
5.97

0.00
1.76
2.10
0.93

1.1
1.1
26.8
2.7

0.0
0.1

19.4
0.3

0.5
0.0
0.5
0.5

0.0
0.0
0.0
0.0

0.0
0.0
2.1
0.0

13.1 3
365.6 5
26.8 1
87.9 3

7.50
42.70

11.83

7.5
42.7

11.8

7.5
42.7

11.8

7.4 3
223.1 5
123.2 3
%.4 4

2.6 3
125.4 5
19.4 1
37.5 3

Ab3ve pymoclire
Below - Distinct  Bad
Eelw - No Distinct Pal-d
water COlu!m

Cerjuginia toll.i

Afmve Fycnocline
Bslcw - Distinct Bad
I?elow  - m Olatinct  Bard
Water &Lmm

E.tcbaeta glacialis

.4t0ve Fycmxline
E!elcW - Distinct Bsml
Mow - No Dlatinct  Bard
Water Colunn

82.93
&.40

195.30

82.9
66.4

195.3

82.9
66.4

195.3

28.6 3
4.0 5
32.2 3
27.1 4

1
1
0
1

1.0 3
286.2 5

0.5 1
102.7 3

3.03
83.60

103.03

3.0
83.6

lCO.O

3.0
83.6

100.0

0.0 3
0.0 5
4.3 3
12.5 4

2.8 3
34.2 5
0.0 1
9.6 3

1.40
0.03

O.LD

1.4
0.0

0.0

1.4
0.0

0.0

1
1
0
1

0.6 3
17.8 5
6.9 3
9.2 4

0.0 3
8.1 5
2.1 1
2.3 3

Cmtinued... LJ

m
●

id
w
N
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Table 3. &ltimEd6

I@mdr3re Inrt2r  Shelf Ckiter StwlE
(Station 1)

Transect 4
(St~~~ 2, 3, 7, 8) (Statioms  4, 5, 9, 10) (s=t~~ 11, 12, 13)

Y ml &n T Minl”bx n F Wh14axn T Mnl%xn

Halithdw  cirratus

A120ve  Pycnocline

~W - Dis t inct  Ilsrd

&lw  – !k3 D i s t i n c t  Ei3r6i

Water Cnlunn

&lantk  di@ale——

tive Pymccline

Lk?lw  -  D is t inct  w

wow  –  m Oistinct  bl-d

Water Cblunn

Mxtensia  m

Atnve Fycnocline

~OW  - D i s t i n c t  8ad

J!e.lw  - NO Distinct E!aId

Water Cduim

%@tta e.legans——

AtOve  FyaIccllne

Eelow  –  DLstinct  Ewd

ee.lw  - NJ D i s t i n c t  Bad

titer flblunn

Mysis  litoralis

tie Pycnoclhe

E!elu..J  -  D is t inct  EaJ

mow - I@ D i s t i n c t  I!ard

Water Cblunn

Oal
1.EM3

11.90

0.20
9.60

10.40

o.(l)
22.90

1.20

0.20
7.2s3

8.~

0.02
7.20

17.70

0.0
1.8

11.9

0.2
9.6

10.4

0.0
22.9

1.2

0.2
7.2

8.8

0.0
7.2

17.7

0.0
1.8

11.9

0.2
9.6

10.4

0.0
22.9

1.2

0.2
7.2

8.8

0.0
7.2

17.7

1
1
0
1

1
1
0
1

1
1
0
1

1
1
0
1

1
1
0
1

0.27
1.50
1.77
1.90

4.87
14.52
8.73

14.72

1.33
8.48
8.23
8.95

4.10
7 .%3

11.27
6.25

O.CQ
o em
2.27
0.12

0.0
0.0
0.3
0.0

0.2
1.8
3.6
0.2

0.0
0.6
1.8
1.5

0.0
2.9
5.1
0.9

0.0
0.0
0.0
0.0

0.8 3
5.4 5
3.4 3
7.6 4

12.5 3
33.3 5
18.3 3
30.3 4

4.0 3
35.9 5
15.4 3
15.6 4

11.2 3
15.8 5
273.0 3
11.6 4

0.0 3
0.0 5
6.8 3
0.5 4

0J3’3
O.co
o al
0.40

O.cxl
21.97
9.40

10.87

0.20
4.77
3.05
5.05

0.80
6.77
3.62
3.22

O.CQ
O.co
0.03
0 .CfJ

0.0
0.0
0.0
0.0

0.0
15.1
2.3
4.2

0.0
0.0
0.0
0.1

().2
3.8
0.6
2.1

0.0
0.0
0.0
0.0

0.0 2
0.0 3
0.0 4
1.1 4

0.0 2
30.9 3
19.9 4
27.1 4

0.4 2
12.2 3
9.9 4

10.2 4

1.4 2
10.7 3
6.2 4
4.4 4

0.0 2
0.0 3
0.0 4
0.0 4

1.73
5.92
O.m
7.63

0.87
5.26
1.40
2.57

0.33
O.P(J
O.m
0.07

0.40
5.4$3
1.60
2.23

0.00
20.48
0.00
9.23

0.0
0.0
0.8
0.0

0.0
0.0
1.4
1.0

0.0
0.0
0.0
0.0

0.0
0.0
1.6
0.1

0.0
0.0
0.0
0.0

4.9 3
21.4 5
0.8 1

14.7 3

1.9 3
13.0 5
1.4 1
4.3 3

1.0 3
2.2 5
0.0 1
0.1 3

1.2 3
8.2 5
1.6 1
4.3 3

0.0 3
86.8 5
0.0 1

27.7 3

(hltinued...

w

‘d
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Table 3. Omc.luded.

N2ardmre Inner Shelf O.rer SW Transect 4
(Station 1) (St=~ 2, 3, 7, 8) (Stations 4, 5, 9, 10) (Stations 11, 12, 13)

F Mnllsxn z Mint@X n z M.nHaxn Y M.n Maxn

T&a+wumsa  rasc.hii

Aixwe  Eynocl.ine
8dOW - Distinct &d
mow - No Distinct m
Water C&m

Spirao211a  I@.icina

Abve  Pymoclhe
Fklcw - Dfsttnct  Bard
Belcw  - No Distinct Eaml
Water Mum

Parattxdsto libe.lkla

Atx3ve  pyamd.ine
MOW - Distinct kid
E&b.4 - m Distinct  B31Xl
Water Colunn

Ebmcgdua  aaida

Above Pynoclim
Eieb7 - Distinct 8ard
Below - No Distinct 8ard
Water 031mm

020
55.80

19.80

0.20
0.70

0.33

O.m
0.10

O.CQ

O.cu
0.30

3.3

0.2
55.8

19.8

0.2
0.7

0.3

0.0
0.1

0.0

0.0
0.3

3.3

0.2 1 O.OJ
55.8 1 4.04

0 1.17
19.8 I 2.28

0.2 1 2.23
0.7 1 4.64

0 2.97
0.3 1 1.65

0.0 1 2.(.D
0.1 1 8.68

0 1.39
0.0 1 2.37

0.0 1 4.70
0.3 1 1.46

0 1.27
3.3 1 0.95

0.0
0.0
0.0
0.0

0.1
1.4
2.1
0.3

0.0
2.8
0.4
0.4

0.6
0.2
0.1
0.1

0.0 3 O.CO
14.1 5 0.07
3.5 3 0.03
5.7 4 0.05

5.2 3 0.40
15.6 5 6.10
4.1 3 2.12
3.2 4 1.23

5.0 3 1.15
15.1 5 4.10
2.5 3 & .03
3.8 4 1.68

8.2 3 0.20
3.7 5 1.67
2.6 3 1+18
1.9 4 0.43

0.0
0.0
0.0
0.0

0.2
0.2
0.2
0.0

1.1
1.2
1.0
0.8

0.1
0.1
0.0
0.0

0.0 2 O.m
0.2 3 12.44
0-o 4 1.50
0.1 4 13.10

0.6 2 1.&3
17.1 3 7.66
6.4 4 2.40
2.7 4 3.40

1.2 2 0.CX3
9.5 3 2.18
9.2 4 4.70
3.5 4 2.63

0.3 2 2.90
2.5 3 4.(XI
3.9 4 9.90
1.4 4 8.20

0.0
0.0
1.5
0.0

0.0
1.7
2.4
2.1

0.0
0.1
4.7
0.0

0.0
0.6
9.9
1.0

0.0 3
49.2 5

1.5 1
39.2 3

3.3 3
14.7 5
2.4 1
4.9 3

0.0 3
8.4 5
4.7 1
7.6 3

4.5 3
8.5 5
9.9 1

15.9 3

w
x
u

‘cl
●

L4J
i--
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Appendix 3 p. 31~

Table 4. Bimmss  (%/m3)  of ach  nujor zooplanktcm  BKCUP in variws  mater -s&.

Mrstvre Inmr %eIf inter %2S

(Stat ion  l)

Transect 4

(Staticas  2, 3, 7, 8) (stati0n54,  5, 9, 10) (stations 11, 12, 13)

F FOn F&n z FOn  tin : f’on  Mlxn F kti” Ftmn

~F@s

Ah”, Pyalwlltle

WIOW -  DL5tlnct  B.A

Pclm  - No Dist inct IWd

Uater  cohm

Iiydrozcare  d CtenO@xes

Almve  Pymccline
tMw  - Otstlnct Rmxi
I!elow  - i-m nlstinct  t!ami
Water til,mn

m.etcgnatk

Above Fynaxline
Selm-r-Di.stinct  Rard
Sc.Lm - m Mstznct  nwtl
kbter Cnlml

@dds

Ab3ve Fycmxltw

Sc3cw  -  Dlstlnct  Bwd
Delow  - Dist lnct Bard
Water mh~

EU&Tllsiid8

he Pycncclice
S!elo= - D i s t i n c t  @art+
S.220s.  - ?& D i s t i n c t  Raml
water  Cd,mll

Fterqxxls

A&x@ Fyalnclk

Below - Distinct Bad
mzcw - P& Dtstinct  M
t&ter mlum

Al#@ds

Atcve PyauxUrw
Behw - Distinct Rd
Sdclw  - w Distinct Bad
Wter mhm

Fish

AhcNe Fymlx line
&!30w  - Distinct Rarti
L?ek.I - W Distinct &d
w+ter ml-

other

AtEve Fymcdine
Se2W - Disclnct L&d
Sekm - W Distinct 8ad
Water mlw

T0ta2a

P&w Fymccl.iw
2ekF4  - Ois tinct Band
Edw - m Distinct Mrd
Kater mhm

1 Ifl.m
244.50

403.60

7.?41
34.33

25.4a

0.23
B.Lo

9.m

O.m
7.2i3

17.70

0.20
58.40

21.30

0.10
0.70

0.20

!.90
4.70

1 .Y3

o.cr3
OJ?Q

4.93

4.10
4.40

2.33

l%fa
463.40

486.50

116.8
?44.5

403.6

7.3
24.3

25.4

0.2
8.4

9.5

0.0
7.2

17.7

0.2
58.4

21.3

0.1
0.7

0.3

1.9
4.7

1.5

0.0
0.8

4.9

4.1
4.4

2.3

130.6
463.4

486.5

116.8
344.5

403.6

7.3
34.3

25.4

0.2
B.h

9.5

0.0
7.2

17.7

0.2
%.4

21.3

0.1
0.7

0.3

1.9
4.7

1.5

0.0
0.8

4.9

4.1
4.4

2.3

130.6
463.4

486.5

1
1

0
1

1
1
0
1

1
1
0
1

1
1
0
1

1
1
0
1

1
1
0
1

1
1
0
1

1
1
0
1

i
1
0
1

1
1
0
1

17.73
476.02
22,9.63
157.98

6.60
28.s!8
20.13
27.77

4.10
8.lB
11.93
7.15

O.CQ
O.(E
2.27
0.12

O.in
7.26
1.37
3.W

2.23
4.64
2.97
1.65

3.30
[3.48
6.03
5.3

4.70
I .98
1.87
1.03

7.20
10.52
4.90
4.03

45.87
549.96
2S0. 10
K13.$3

2.1
124.1
1b5.2
134.7

0.2
5.1

15.6
1.9

0.0
2.9
6.3
1.2

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.1
1.4
2.1
0.3

0.1
7.3
4.1
2.7

0.6
0.2
1.3
0.1

0.9
3.5
2.8
2.3

4.0
170.6
1B9 .1
162.3

45.3
932.6
2%.7
199.6

12.5
72.3
23.9
53.9

11.2
16.8
20.0
13.0

0.0
0.0
6.8
0.5

0.0
19.2
4.0
6.6

5.2
]5 .6
4.1
3.2

5.9
23.6
9.4
7.1

8.2
5.7
2.6
1.9

18.2
21.5
6.3
5.3

74.9
109B.7
345.0
234.8

3
5
3
4

3
5
3
4

3
5
3
h

3
5
3
4

3
5
3
4

3
5
3
4

3
5
3
4

3
5
3
4

3
5
3
4

3
5
3
4

6.lf7
141.20
60.22

102.60

3.95
29.13
15.90
17.92

1.35
9.93
4.37
5.47

O.(X3
o .m
O.(X3
o .CQ

O.LQ
0.27
0.03
0.25

0.40
6.10
2.12
1.23

1.15
5.07
4.6o
2.65

0.20
1.67
1.$3
0.43

0.95
3.50
1.60
2.45

14.10
196.87
93.65

133.03

4,9
99.3
0.2

51.3

1.0
22.3
5.9

13.4

1.2
8.7
0.6
4.2

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.2
0.2
0.2
0.0

1.[
1.9
1.3
1.1

0.1
0.1
0.5
0.0

0.3
2.3
0.2
0.9

11.5
140.0
33.0
79.6

7.3
3)1.7
144.2
166.5

6.9
32.6
21.9
28.7

I .5
11.1
6.6
7.()

0.0
0.(1
0.0
0.0

0.0
0.8
0.1
0.9

0.6
17.1
6.4
2.7

1.2
10.7
9.5
5.6

0.3
2.5
5.4
I .4

1.6
5.2
4.4
5.1

16.7
278.6
174.0
m.7

2
3
6
4

2
3
4
4

2
3
4
4

2
3
4
4

2
3
&
4

2
3
4
4

2
3
4
4

2
3
4
4

2
3
4
4

2
3
4
4

9.33
X6.14
48.W
141.10

10.97
17.12
4.20
13.07

2.17
5.94
1 .Ci3
3.47

n.(x)
20.66
(1. 10
11.23

0.00
14.64
2.60

15.53

1.43
7.66
2.40
3.40

0.63
5.CB
5.2o
4.33

4.53
7.30

12.40
12.07

2.37
5.12
4.70
6.13

31.43
339.24
82.10

210.30

1.7
2.1

Lo ,9
4.2

3.5
.5.1
4.2
2.8

0.0
0.1
1.6
0.1

(J.n
0.0
n. 1

0.0

0 . 0

0.0

2.6
0.0

0.0
1.7
2.4
2.1

0.4
3.0
5.2
2.2

0.0
4.1

12.4
8.2

1.0
2.5
4.7
2.9

16.9
42.3
82.1
45.9

14.4 3
691.6 5
48.9 1

214.5 3

22.9 3
37.3 5
4.2 1

22.B  3

4.0 3
9.1 5
1.6 1
7.8 3

0.0 3
86.8 :,
0.1 1

27.7 3

0.0 3
52.1 5
2.6 1

L5.1 3

3.3 3
L4.7  5
2.4 1
4.9 3

0.9 3
8.8 5
5.2 1
8.0 3

9.1 3
12.4 5
12.4 1
15.9 3

3.B  3
10.6 5
4.7 1

11.7 3

44.2 3
760.6 5
82.1 1

331.0 3

a  Tc.  Cal .ate.gq  t“cl”dee  all  8,.”P.  .“d  ‘others  8 C~teWCY b u t  not d e t r i t u s .



LGL
Ecological Research Associates

1410 Cavitt  Street Bryan, Texas 77801
(409) 775-2000


